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Permeability Studies on the Red Blood Cell of the 


szround-Hog, Marmota monax' 


R. G. FAUST? anp A. K. PARPART 
Biology Department, Princeton University, Princeton, New Jersey 


The high degree of permeability ex- 
ibited by red blood cells of the ground- 
og, Marmota monax, to various sugars 
nd polyhydric alcohols has been demon- 
trated by Parpart (36) with the hemolysis 
nethod. These red cells are more perme- 
ible to sugars and polyhydric alcohols than 
uman red cells which are not permeable 
0 the 6-carbon polyhydric alcohols, D- 
flannitol and D-Sorbitol. Since Faust (60) 
las Shown with the photoelectric method 
nm human red cells that variations in pH 
nd temperature greatly affect the rates 
f penetration of these substances, it had 
ccurred to us to investigate this phenom- 
non with ground-hog red cells. If the 
ates of penetration of sugars and poly- 
ydric alcohols into ground-hog red cells 
ire affected in a manner similar to that 
f human red cells, then this would indi- 
rate that perhaps their mechanism of 
yenetration is similar. 


METHODS 


Approximately 5 ml of blood was ob- 
ained by heart puncture from an ether- 
mesthetized ground-hog. This blood was 
hen quickly placed into a flask containing 
LO ml of 1% NaCl-PO. at pH 7. No anti- 
oagulants were used. The blood suspen- 
ion was then washed three times in 1% 
JaCl-PO, at pH 7. Aliquots of this suspen- 
ion, which was placed in the refrigerator, 
vere prepared for experimentation by the 
nethod previously described by Faust 
60). Although Bang and @rskov (’31), 
feldahl and @rskov (40), Mawe (’56) 
nd Faust (’60) have observed that glu- 
ose penetrates into human red cells more 
lowly when the blood is not fresh, this 
lid not seem to be the case with ground- 
log red cells. There was no noticeable 
hange in the permeability of these cells 
o sugars and polyhydric alcohols even 


after they had been stored in the refrig- 
erator for two days. However, washed 
ground-hog red cells that were more than 
two days old were never used for experi- 
ments. 

The relative rates of penetration of vari- 
ous monosaccharides and polyhydric alco- 
hols into ground-hog red cells were studied 
by means of a photoelectric densimeter, 
Parpart (735). Isosmotic concentrations 
(0.3M) of these compounds were pre- 
pared in an isotonic NaCl-phosphate buf- 
fer which was adjusted to a desired pH 
and then allowed to mutarotate. Exactly 
40 mm? of a washed red cell suspension 
was added to 6 ml of the substrate solu- 
tion which was in the densimeter. 


RESULTS 


Figure 1 illustrates the effect of pH at 
37°C on the rates of penetration to a dif- 
fusion equilibrium of some sugars and 
polyhydric alcohols into ground-hog red 
cells. The influence of pH on the rates of 
penetration of the monosaccharides and 
the polyhydric alcohols is similar. It is 
obvious that these compounds penetrate 
more slowly as the pH of their medium 
becomes more acid. This pH effect is re- 
versible. Incidentally, a similar pH effect 
was observed on the extremely slow (ap- 
proximately 40 times slower than D- 
glucose) rate of penetration of the amino 
acid, glycine. 

Table 1 shows the temperature coeffi- 
cients (Qi) which were calculated from 
the rates of penetration of various sugars 
and polyhydric alcohols at 37°C and 27°C 
and at pH 7. The temperature coefficients 


1 This work was done at the Marine Biological 
Laboratory, Woods Hole, Mass. and supported by 
the Whitehall Foundation. 

2 Present address: Department of Biochemistry, 
University of Oxford, Oxford, England. 
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for the sugars ranged between 2.0 and 
2.8, whereas those for the polyhydric al- 
cohols were between 1.2 and 1.6. Also 
from table 1 it can be seen that the rates 
of penetration of the polyhydric alcohols 
are approximately related in a linear man- 
ner to the number of carbon atoms in 


their molecule through 5 carbons. This 
ia 
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Fig. 1 Effect of pH on the relative rates of penetration of various 0.3M sugars and 
(Points represent an average of at least three deter- 


polyhydric alcohols in 1% NaCl-PO,. 
minations. ) 


TABLE 1 


is not true for the various sugars tha 
have been tested. 

Neither the disaccharide sucrose nor th 
cyclic 6 carbon polyhydric alcohol i-inosito 
were observed to penetrate into the ground. 
hog red cell. Also, there was no appreci- 
able difference in the rates of penetratio 
of the a- and 8-isomers of D-glucose at p 
7 and 37°C. 
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Results of Qio studies on sugar and polyhydric alcohol penetration at pH 7 
(0.3 M of substrate was dissolved in 1% NaCl-PQ,.; sugars and alcohols are in order of decreasing! 


penetration ) 
Yy Time 
Sugar oe penetration at Or 
arouse 37°C 27°C 
seconds seconds 

D-Ribose 5 9.0 21.0 BES} 
D-Lyxose 5 16:055566.0 PEO} 
D-Xylose 5 22,0) 52.0 2.4 
L-Xylose 5 24.0 48.0 2.0 
D-Arabinose 5 24.0 52.0 9) 
L-Sorbose 6 33.0 72.0 219) 
D-Galactose 6 57.0 148.0 2.6 
D-Fructose 6 125.0 300.0 2.4 
D-Glucose 6 160.0 450.0 2.8 


. No. o 2 Time 
Oey ete carbon penetration at Ore 
= 37°C 7c 
seconds seconds 
Glycerol 3 1.0 5 1.5 
i-Erythritol 4 2.1 3.0 1.4 
D-Arabitol 5 3.5 4.5 1.3 
L-Arabitol 5 3.5 4.5 igs} 
D-Xylitol 5 oe0 4.5 1.3 
Ribitol 5 4.0 5.0 1.3 
Sorbitol 6 6.0 8.0 1.3 
Galactitol 6 9.0 1 
D-Mannitol 6 ves 16.0 1.4 


Se ee ee ee eee ee 
1 Galactitol was not sufficiently soluble at this temperature and could not be tested 
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CONCLUSIONS 


The effect of pH on the rates of pene- 
ration of 0.3M sugars and polyhydric 
alcohols into ground-hog red cells is not 
he same as that observed by Faust (’60) 
with human red cells. These Compounds 
penetrate into ground-hog red cells more 
rapidly as the pH of their medium be- 
somes more alkaline. Whereas in human 
red cells, D- and L-arabitol and various 
monosaccharides penetrate more rapidly 
at pH 7, but, at pH 6 and 8, their rates 
of penetration are considerably reduced. 
Also, the effect of pH on the rates of pene- 
tration of these compounds is much 
greater in human red cells than in ground- 
hog red cells. 

The temperature coefficients calculated 
for sugar penetration into ground-hog red 
cells is similar to that observed by Faust 
(60) with human red cells. However, 
there exists only a small, if any, relation- 
ship between the structural and stereo- 
chemical differences among the mono- 
saccharides and their relative rates of 
penetration into the ground-hog red cell. 

These data may indicate that sugars 
and polyhydric alcohols penetrate into 
the ground-hog red cell by free diffusion. 
However, the free diffusion of certain large 
penetrating molecules may be affected by 


an interaction between the molecule and 
the channel in the cell membrane through 
which it is passing. 
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he Endogenous Tissue Respiration of the Arctic 
around Squirrel as Affected by 


libernation and Season! 


JOHN P. HANNON, DAVID A. VAUGHAN anp RAYMOND J. HOCK 


Department of Physiology, Arctic Aeromedical Laboratory, 
APO 731, Seattle, Washington. 


The Arctic ground squirrel, a_hiber- 
ating species that normally spends up- 
rards of 8 months of the year in an in- 
ctive or hibernating state, undergoes 
1arked seasonal changes in body size and 
1etabolism. Thus, after emerging from 
he burrow in late spring, and for the next 
10nth or so thereafter, he is at his mini- 
qum weight. Following a period of some- 
rhat slow weight gain during the middle 
ummer months, he quite suddenly starts 
) put on weight in the form of fat during 
ne first few weeks of fall. Thus, sudden 
attening brings him up to his maximum 
feight for the year. It just precedes the 
ntrance into the burrow for the inactive 
ortion of his yearly life cycle and it is 
ere that he again loses weight in a series 
f hibernation and arousal periods. 

Throughout the yearly cycle, these ani- 
2als undoubtedly undergo marked shifts 
1 the patterns of tissue metabolism. For 
astance, in the fall, just prior to hiberna- 
ion, large amounts of fat are being de- 
osited. Consequently, there must be a 
avoring of those pathways of metabolism 
sading from dietary carbohydrate and 
rotein, as well as lipids, toward lipid 
ynthesis. Conversely, during the win- 
sy months when the animals are losing 
eight, pathways of lipid catabolism must 
e favored. In addition, during the winter 
eriods of alternating hibernation and 
rousal a number of peculiar, but for the 
10st part unknown, processes of inter- 
1ediary metabolism probably exist. 

These obvious conclusions, however, are 
ased almost entirely on deductive evi- 
ence. Direct investigations in the form of 
issue respiratory measurements or enzyme 
ctivity assays are very limited in number. 
n fact, as far as could be determined, kid- 


ney is the only tissue that has been studied 
with respect to its seasonal variations in 
metabolism (Kayser, Jacob and Lucot, ’54). 

It was felt, therefore, that a survey of 
the possible seasonal variations in the 
endogenous respiration of several tissues 
would be highly desirable. Such a survey 
would provide us with the background 
information and guidelines necessary to 
the design of future studies on isolated 
enzymes and enzyme systems. 


METHODS 


The Arctic ground squirrels (Citellus 
undulatus ) used in this study were caught 
in the Little Susitna Valley of south cen- 
tral Alaska. While in captivity they were 
housed in individual wire cages and fed 
an ad libitum diet of whole kernel corn 
plus occasional lettuce and carrots. Water 
was available at all times. To induce 
hibernation, the animals were placed in 
a cold room (10 + 1°C). At least 45 days 
were allowed to elapse before any hiber- 
nating or nonhibernating individuals were 
removed for study. As would be expected, 
the squirrels lost considerable weight dur- 
ing the course of the fall, winter, and 
spring studies. Thus, the weight range 
of individuals used in the fall was 628 
to 825 gm whereas in the late winter or 
early spring the weight range was 305 to 
430 gm. Five categories of individuals 
were selected: (1) before hibernation in 
the fall of the year; (2) one to three days 
hibernation; (3) 6 to 9 days hibernation; 


1The views expressed are those of the authors 
and do not necessarily represent official Air 
Force policy. The experiments were conducted 
according to the “Rules Regarding Animal Care” 
as established by the American Medical Associa- 
tion (Air Force Regulation 160-94). 
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(4) one to two days after arousal from 
hibernation and (5) after completion of 
the hibernation season in the spring of 
the year. These animals were not segre- 
gated according to sex. However, no gross 
differences attributable to sex were ob- 
served in any of the measurements re- 
ported here. 

The rats used for comparative purposes 
in these experiments were large (375 to 
530 gm) adult males of the Sprague- 
Dawley strain. They were maintained in 
the animal colony at 26+1°C on an 
ad libitum diet of “Friskies” dog food and 
water. 

In these studies, endogenous oxygen 
consumption was measured using tissue 
homogenates rather than tissue slices, 
since it was felt that over a long period 
of time more consistent and comparable 
homogenate than slice preparations could 
be obtained. For comparative purposes, 
measurements on large albino rats were 
also made. Four different tissues were 
studied: the cerebrum lateral to the lateral 
ventricles, a portion of the large median 
lobe of the liver, the apex of the heart 
ventricles and a portion of the large mus- 
cle mass from the thigh of the hind leg. 
The following procedure was used to pre- 
pare the tissues for study: First, the ani- 
mals were killed by decapitation and the 
desired tissues quickly excised and chilled 
in chopped ice. Aliquots of tissue were 
then taken and weighed on a microtorsion 
balance and homogenates prepared in ice- 
cold 0.25 M sucrose to give a final tissue 
concentration of 3%. The homogenates 
were filtered and 1-ml aliquots transferred 
to Warburg reaction vessels for oxygen 
consumption measurements. 

The assay medium in the endogenous 
respiration studies had the following final 
concentration of constituents: 0.002 M 
K-ATP (pH 7.4), 0.01 M K-phosphate buf- 
fer (pH 7.4), 0.0066 M MgCl; 5 X 10-*M 
diphosphopyridine nucleotide; 1.5 X 1075 
M cytochrome c and 0.20 M sucrose. 
Where citrate oxidation was studied in 
liver tissue, substrate was added to a final 
concentration of 0.01 M. The final volume 
of the reactant mixture including tissue 
was 3 ml. The reaction flasks also con- 
tained 0.2 ml of 5N NaOH plus a folded 


piece of filter paper in the center well 
the absorption of COs. 

Following a 10 minute period of thern 
equilibration oxygen consumption med 
urements were conducted for 60 minut 
at 38°C. The rate was calculated as micy 
liters consumed per milligram of nitroge 
per hour. Nitrogen was determined 
nesslerizing an acid digested aliquot 
the filtered homogenate. | 

Due to wide differences in subclass vat 
ances in the respiratory measurement 
Fisher’s t test could not be legitimate: 
used in many instances for a Statistic: 
analysis of the data. Statistical evaluatia 
was therefore made using the no: 
parametric, Mann-Whitney U test (sé 
Siegel, *56). 

RESULTS 

In the present experiments, the endo; 
enous respiration of 4 tissues (braii 
heart, liver and skeletal muscle) we? 
investigated at 5 critical periods of tH 
yearly life cycle of the Arctic ground squi 
rel. The results of these experiments a 
presented in table 1. Also included in t 
table are the average rates for each of tii 
experimental groups. A statistical sum 
mary of these data is included in table : 

Brain respiration. Cerebral tissue fro» 
the fattened, nonhibernating Arctic grou 
squirrel had about 60% as great a respi 
atory rate as similar tissue from the r@ 
In the squirrel the oxygen consumptic 
of this tissue was not appreciably altere 
during the first few days of hibernatioy 
After 6 to 9 days in the latter state, hov 
ever, oxidative metabolism was depressee 
Thus, levels of approximately one-ha: 
the prehibernation value were observee 
It was further observed that arousal frox 
hibernation produced little or no recover 
of the respiratory rate that characterize 
the prehibernating state. To a minor e2 
tent such recovery of the initial rates di 
occur in the spring after the hibernation 
season was completed. 

Heart respiration. The effects of se: 
son and hibernation on myocardial oxy 
gen consumption were quite similar t 
those observed in brain tissue. Thus, sho 
intervals of hibernation were again witk 
out appreciable effect, and longer period 
of hibernation were associated with 
marked reduction in respiratory rate. Witt 


SQUIRREL TISSUE RESPIRATION if 


TABLE 1 


Tissue respiration! during various stages of the yearly life cycle of the 
Arctic ground squirrel 


Squirrel hibernation cycle 


N 
_Before 1-3 D 6-9 D 
hibernation Mibernation hibernation Arousal ibe Rat 
‘ 163 Brain 
150 63 91 109 266 
: bes} 107 ie 85 93 274 
: 140 142 80 90 90 267 
187 170 83 122 265 
173 157 iS 286 
6 166 ileetss 
Av. 168 144 72 87 106 272 
Heart 
1 336 391 118 170 197 582 
2 292 348 123 167 209 503 
3 281 305 133 187 189 601 
+ 359 276 179 184 635 
5 278 267 215 550 
279 
Ay. 309 328 125 176 199 574 
Muscle 
il 200 167 99 111 123 84 
2 197 162 117 187 61 64 
3 243 172 76 135 92 69 
4 185 7} 103 US'S 196 51 
5 226 154 76 
6 246 
Av. 216 166 99 142 118 69 
Liver 
if 108 61 49 ri? 110 50 
2 105 64 66 108 100 59 
3 106 89 79 111 119 55 
4 112 58 53 104 99 47 
5S 110 51 142 46 
46 
Ay. 108 62 67 109 114 51 
Liver citrate oxidation? 
1 352 195 187 282 209 
2 349 229 158 O75 187 
3 307 190 199 289 232) 
4 295 234 198 290 176 
5 321 200 199 
-- Av. 325 210 186 284 199 


1 Respiratory rates expressed in ul O2 consumed/mg tissue N/hour. 


2 Corrected for endogenous respiration. 


sspect to the latter, it was observed that 
1e myocardial respiratory rates after 6 
» 9 days of hibernation were approxi- 
lately one-third of those observed in the 
onhibernating, or the 1-3 day hibernat- 
ig state. At least partial restoration of 
1e prehibernating oxygen consumption 
as again obtained during arousal periods 
nd in the spring after completion of the 
ibernation season. A point of special in- 


terest in these data on heart respiration, 
particularly as it might apply to the species 
variations in heart function at low tem- 
perature, was the markedly higher endog- 
enous respiration exhibited by myocardial 
tissue from the rat as compared to squirrel. 
Thus, the rat exhibits almost twice as 
much respiratory activity as the prehiber- 
nating squirrel. Compared to the values 
obtained after long hibernation, after an 


TABLE 2 
Statistical summary! of tissue respiration data 


8 
i 1-3 
Tissue ae days 
Brain Before n.s 
(endogenous ) 1-3 days 
6-9 days 
Arousal 
Heart Before n.s 
(endogenous ) 1-3 days 
6-9 days 
Arousal 
Muscle Before s 
(endogenous ) 1-3 days 
6-9 days 
Arousal 
Liver Before s 
(endogenous ) 1-3 days 
6-9 days 
Arousal 
Liver Before Ss 
(citrate ) 1-3 days 
6-9 days 


oe ee 
1Symbols used: n.s., not significant; s, significant, where p=0.05 by the two-tailed 


Mann-Whitney U test (see Siegel, 56). 


arousal from hibernation, or in the spring 
after the hibernation season is over, this 
species difference was even greater, i.e., 
three to 4 times higher rates in the rats 
than in the squirrels. 

Muscle respiration. The seasonal and 
hibernation-associated changes in endoge- 
nous skeletal muscle respiration are also 
quite similar to those observed in the two 
preceding tissues. The only statistically 
significant difference to be noted in muscle 
was a 23% decrease in respiratory activity 
after the shortest interval of hibernation. 
As in the preceding tissues, however, the 
most marked reduction in oxygen con- 
sumption was obtained after longer inter- 
vals of hibernation. In the present in- 
stance, the rate of respiration after 6 to 9 
days of hibernation is about one-half that 
observed before hibernation. Another basic 
difference between muscular tissue and 
brain and heart tissue was the comparative 
oxidative rates of squirrels and rats. In- 
stead of the rat showing somewhat higher 
activities than the prehibernating squirrel 
just the opposite was observed; namely, 
rat muscle had about one-third the rate 
shown by squirrel muscle. 

Liver respiration. In many ways, the 
responses of the liver tissue were quite 
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6-9 Aft Rat 
usal er 
avs Arous 
s s s s 
s s s 
n.s. s 
n.s 
s s s s 
s s s 
n.s s 
s 
s s s s 
s n.s. n.s 
n.s n.s 
n.s 
s n.s n.s. s 
n.s. Ss s 
s s 
n.s 
s s —_— s 
n.s. s —_ 


different from the other three tissuc@ 
studied here. For instance, it was th 
only tissue where minimal endogeno 
respiratory rates were observed during th 
first few days of hibernation; there bei 
no apparent tendency for a progressi 
decline as hibernation progressed. Lived 
was also the only tissue where there waj 
a complete recovery of the prehibernatio? 
rates during periods of arousal or at th 
termination of the hibernation seaso 
Like muscle, but unlike brain and mya 
cardial tissue, the endogenous liver re 
spiration of squirrels was _ considerablt 
higher than that observed in the rat. 

In addition to measuring the endoge 
nous respiration, the capacity of the live 
to oxidize citrate was also tested. As woulc 
be expected, this substrate markedly sti 
ulated the respiratory rate of the tissu 
In spite of the stimulation, however, the 
various qualitative changes observed pre 
viously in the endogenous measurements 
were also quite apparent when citrate was 
added. The only statistical difference be 
tween the two experimental procedures: 
was the failure of the tissue from the 
aroused animal to fully recover the respir? 
atory rate shown by the tissue from the 


ibernating animal when citrate was 
ent. 
DISCUSSION 


the foregoing data, numerous sig- 
ant differences in endogenous tissue 
iration have been observed. -In gen- 
, these differences may be placed into 
€ categories: (1) those that are attrib- 
le to season; (2) those that are attrib- 
le to hibernation; and (3) those that 
attributable to species. 

ith regard to the first of these cate- 
ies, it was observed in the nonhibernat- 
squirrel that all tissues except liver 
ibited their maximal respiratory rates 
the fall just prior to the hibernation 
son. These high rates declined over the 
rse of the winter until minimal, or near 
imal, rates were obtained in the spring. 
s noteworthy that the intact hibernator 
been reported (Kayser, 57) to exhibit 
mmer to winter decline in whole body 
tabolism that was similar to the tissue 
anges observed here. Kayser, Jacob and 
cot (754), however, could not detect 
y comparable summer to winter change 
the respiration of kidney tissue. 

[The present experiments give no infor- 
tion on mechanisms responsible for 
se decreases in tissue respiratory rates 
sy the course of the winter. Such infor- 
tion will only be provided by more de- 
led studies of the enzymes and enzyme 
tems. Accordingly, it will be necessary 
determine whether there is a decline 
the concentration of certain enzymes, 
decline in the concentration of readily 
idizable substrates, or a change in the 
ture of the substrates being oxidized 
different times of the year. 

The second category of effects observed 
re were those attributable to hiberna- 
n. Here it was shown that the hibernat- 
ry state, sooner or later, led to a decline 
the respiration of all the tissues studied. 
similar decline in endogenous respira- 
n-has been reported for kidney tissue 
ayser, Jacob and Lucot, ’54). It was 
o brought out by the present experi- 
mts that the magnitude of this effect 
s similar (about 40 to 60% ) in all the 
sues studied. Finally, it was shown that 
yusal, from hibernation was accompa- 
d by at least a partial recovery of en- 
genous tissue respiration. 
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Again, it might be asked whether the 
alterations in tissue respiration can be 
attributed to changes in enzyme concen- 
trations, to changes in substrate concen- 
trations or to changes in the nature of the 
substrates being oxidized. In these experi- 
ments at least a partial answer to this 
question can be supplied. Thus, it was 
shown in liver tissue that the addition of 
citrate as substrate, although markedly 
stimulating respiration, did not alter the 
basic qualitative effects of hibernation on 
tissue metabolism. Since the citrate was 
added in excess amounts the observed 
rates would presumably reflect the catalyic 
capacity of the tricarboxylic acid cycle for 
its oxidation. It would follow, then, that 
the decline in liver oxidative metabolism 
upon entrance into the hibernating state 
was most likely due to a decline in the 
activity or concentration of one or more 
of the enzymes and cofactors that make 
up the tricarboxylic acid cycle and the 
electron transport system. Similarly, the 
recovery of the respiratory rate during the 
arousal process would be due to a recovery 
of the particular enzymes or cofactors that 
were affected by hibernation. 

The foregoing results give no indication 
of the nature of the substrates being oxi- 
dized by the hibernating or aroused ani- 
mal. Respiratory Quotient measurements 
on the intact animal, however, seem to 
indicate that the hibernating state is asso- 
ciated with lipid oxidation while the 
aroused state is associated with a return 
of carbohydrate oxidation (Dogden and 
Blood, 54; Mokrasch, Grady and Blood, 
60). It will be of interest in future ex- 
periments to determine whether the loss 
of tissue oxidative capacity is directly 
attributable to the shift between carbohy- 
drate and fat oxidation or to some other, 
as yet unknown, factors. 

The final category of effects observed 
here were those attributable to species dif- 
ferences in tissue respiration. These dif- 
ferences included higher rates of brain 
and heart respiration and lower rates of 
liver and muscle respiration in the rat as 
compared to the nonhibernating squirrel. 
In these measurements it was interesting 
to observe that the lower rates of respira- 
tion are found in the two tissues that re- 
tain readily observable functional activity 
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during the hibernating state. In contrast 
to this, the tissues, especially muscle, that 
are least active during hibernation have 
the higher respiratory rates. This would 
seem to be something of a paradox since 
we would expect more active tissues to 
exhibit higher rates of respiration. In 
heart muscle, at least, these species differ- 
ences are probably located at the enzyme 
level. Thus, it has been shown (Covino 
and Hannon, ’59) that the ground squirrel 
myocardium had much less capacity to 
oxidize a variety of substrates than the 
rat myocardium at both normal body tem- 
peratures (38°C) and at hypothermic body 
temperatures (15°C). In fact, glutamate 
was the only substrate where the oxidative 
capacity of the squirrel myocardium ex- 
ceeded that of the rat. How these hiber- 
nating animals are capable of maintaining 
heart and brain function at low tempera- 
tures in the face of this reduced capacity 
for energy release presents a most intri- 
guing question. What makes it even more 
intriguing is the fact that these animals, 
in spite of their lower rate of myocardial 
respiration, are able to maintain not only 
higher concentrations of adenine nucleo- 
tides than the rat, but are also able to 
prevent the breakdown of ATP during 
hypothermia (Covino and Hannon, ’59). 
There is also evidence (Zimny and Greg- 
ory, 59) that they can maintain reason- 
ably high levels of myocardial ATP at 
least during the early stages of hibernation. 


SUMMARY 


The effects of season (autumn versus 
spring), short and long term hibernation, 
arousal from hibernation on the endoge- 
nous respiration of cerebral, myocardial, 
hepatic and skeletal muscle tissue of Arctic 
ground squirrels were studied. The species 
differences in tissue respiration between 
laboratory rats and ground squirrels were 
also investigated. 


1. In the ground squirrels, all tiss 
except liver exhibited higher rates of 
dogenous respiration in the autumn Ty 
in the spring. Liver respiration was ulm 
fected by season. 

2. In all tissues, the hibernating s 
was associated with a reduction in enc 
enous respiration as measured at 38: 
This reduction was apparent after one 
three days in muscle and liver tissue a 
after 6 to 9 days in brain and heart tisss 
Arousal from hibernation produced a 
tial to complete recovery of the prehibery 
tion respiratory rates. Experiments on | 
capacity of the liver to oxidize citr 
suggested that these hibernation-indut 
changes in respiration were attributable 
changes in the catalyic capacity of © 
tissue. 

3. The brain and heart respiration w 
higher in the squirrel than the rat wht 
the converse was true for liver and muss 
tissue. 
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dsonicus loquax 


Bethesda, Maryland 


the course of an investigation of the 
troretinograms of various members of 
family Sciuridae, some observations 
e made on the responses of the eye of 
American red squirrel, Tamiosciurus 
sonicus loquax, which indicated that 
ain of its physiological reactions differ 
ewhat from those of other diurnal spe- 
of this family. It was also found that 
e are slight but apparently significant 
erences between the neural structure 
the retina of the red squirrel and that 
he ground squirrel. 
t should be made clear at the outset 
t each of the diurnal species of the 
aridae so far examined have been found 
ossess a pure-cone retina. This is true 
only for the ground squirrels (Citellus 
.) of which 6 have been studied to date, 
also for one chipmunk species (Euta- 
is amoenus luteiventris ), for the prairie 
-(Cynomys ludovicianus ) and for three 
cies of tree squirrel, the American red 
irrel, Tamiosciurus hudsonicus loquax, 
European red squirrel, Sciwrus vulgaris 
| the common gray squirrel, Sciurus 
olinensis leucotis. The retinae of the 
» squirrels differ from those of the 
llus species, the chipmunk and the 
irie dog in having two layers of cones 
ead of the more usual single layer, but 
erwise the general structure of all these 
e-cone retinae is very similar, such dif- 
ces as there are especially between 
ground squirrels and the American 
squirrel, being a matter of the relative 
nbers of cells to be found in the various 
lear layers. This probably means dif- 
nces in the amounts of differentiation 
Granit’s (47) sense) and summation 
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between the Citellus retina and that of the 
red squirrel. The electrophysiological re- 
sults to be reported here suggest that such 
differences really do exist. 

In this paper we are reporting on the 
dark adaptation and flicker responses of 
the red squirrel as measured by means of 
the electroretinogram. The results are con- 
sidered in relation to those obtained in 
similar experiments on two ground squirrel 
species, Citellus lateralis and Citellus 
beecheyi and one chipmunk species, 
Eutamias amoenus luteiventris. 


METHODS 


The preparation of the animals, anes- 
thesia, placement of the electrodes, light 
stimulus and general experimental details 
have already been described (Tansley, 
Copenhaver and Gunkel, 60). The Grass 
electroencephalograph was used for record- 
ing the responses during the course of 
dark adaptation, but this instrument was 
too slow accurately to follow the responses 
to flicker. For these experiments, there- 
fore, the responses were amplified and dis- 
played on an ordinary cathode ray oscillo- 
scope and photographed on moving film. 
The time constant of the amplifier was 
900 msec. 

For the dark adaptation curves the eye 
was adapted for 5 minutes to the full 
stimulus (7500 lux) with the room lights 
on. The room lights and the adapting 
light were switched off simultaneously 
and records were taken at measured inter- 
vals of about 5 seconds each for three 
minutes, using the full stimulus with a 1.2 
neutral density filter and a flash duration 
of 250 msec. The actual timing at which 
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each stimulus was given was read off 
afterwards on the paper. Curves were con- 
structed relating the changes in the a-wave, 
b-wave and off-effect to the period of dark 
adaptation. All changes were complete in 
three minutes. 

For the flicker experiments a sectored 
disc was made giving equal duration light 
and dark intervals. The speed of the motor 
running this disc could be continuously 
varied to give stimulus frequencies varying 
between 17 and 170 flashes per second. A 
photocell placed between the disc and the 
eye was connected up so as to record on 
the second beam of the oscilloscope. The 
disc was then run at a speed slow enough 
to give an obviously intermittent response 
on the oscilloscope. The camera was then 
started and the speed of the disc increased 
until the response was quite steady. The 
actual speed at which fusion first took 
place was read off on the film after devel- 
opment. This procedure was repeated 
starting with the full stimulus intensity 
and continuing with increasingly dense 
neutral filters in the light beam until the 
stimulus was too small to evoke a response. 
The stimulus intensity was then increased 
by the same steps until its full intensity 
was again reached. The fusion frequency 
at each stimulus intensity was then read 
off from the film after development and 
the mean of the values for the two series 
“up” and “down” calculated. The crystal- 
line lens was not removed in these experi- 
ments which were done on the dark- 
adapted animal. 

When recording was complete the upper 
part of the animal was intravitally fixed 
through the ascending aorta after liga- 
turing the descending aorta in the chest 
and washing out with isotonic saline. 
Bouin’s fluid was used for fixation. The 
eyes were then removed and left overnight 
in the fixative. The eyes were embedded 
whole in celloidin without removal of the 
lens and sections cut at 15 u; they were 
stained with hematoxylin and eosin. All 
sections were cut at right angles to the 
elongated nerve head characteristic of the 
squirrel eye (Walls, ’42) so that it was pos- 
sible to choose comparable sections from 
the eyes of each species for comparison. 


RESULTS 


Dark adaptation curves. In figur 
the changes in the a-wave, b-wave 
off-effect of one of the ground squirm 
Citellus beecheyi, during the first tH 
minutes of dark adaptation are shown 
will be seen that all three waves incre 
in amplitude during dark adaptation 
though the change in the a-wave at 
stimulus intensity is very small. Figu 
gives the same curves for the red squi 
In this animal the off-effect decreases a 
ing dark adaptation; for the first few : 
onds it is actually bigger than the b-waj 
but subsequently it gets smaller as | 
b-wave increases and after about 10 
onds its amplitude falls below that of | 
b-wave. Some actual records from oti} 
experiments on the same two species | 
shown in figure 3. Here the records i 
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_ Fig. 1 Dark adaptation curves. The chang} 
in amplitude of the a-wave, b-wave and off-effe 
of the ground squirrel, Citellus beecheyi, durii 
dark adaptation. Ordinates: potential develop 
in uv. Abscissae: time in the dark in secona 
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Fig. 2 Dark adaptation curves. The changes in amplitude of the a-wave, b-wave and 
off-effect of the American red squirrel, Tamiosciurus hudsonicus loquax, during dark adap- 
* tation. Ordinates: potential developed in wv. Abscissae: time in the dark in seconds. 
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Fig. 3 Changes during dark adaptation. Responses during the first 30 seconds of dark 
adaptation. A, American red squirrel, Tamiosciurus hudsonicus loquax. The arrows at two 
seconds and 5 seconds mark the b-wave. B, Ground squirrel, Citellus beecheyi; 0.25 second 
stimulus in both cases. The paper speed was rather faster in B. 
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Fig. 4 Flicker fusion frequencies. The increase in fusion frequency with increased stim- 
ulus intensity. @—@® ground squirrel, Citellus lateralis; A---& chipmunk, Eutamias 
amoenus luteiventris; @---@ American red squirrel, Tamiosciurus hudsonicus loquax. 
Ordinates: log fusion frequency. Abscissae: neutral filter densities. 
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Fig. 5 Responses to flicker. A, American re 
B, Ground squirrel, Citellus lateralis. 
intensity 7500 lux. 


c c d squirrel, Tamiosciurus hudsonicus Loquax. 
Calibration 100 uv. Time marking 50 msec. Stimulus 
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Fig. 6 Section through the central retina of the ground squirrel, Citellus beecheyi. Bouin. 
Hematoxylin and eosin. < 315. N.B. The following numbering applies to this and to figures 
7 and 8. 1, pigment epithelium; 2, visual cells; 3, outer nuclear layer; 4, outer fiber layer; 
5, inner nuclear layer; 6, inner fiber layer; 7, ganglion cell layer; 8, optic nerve fiber layer. 
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Fig. 7 Section through the central retina of the American 


red squirrel, Tamiosciurus 
hudsonicus loquax, Bouin, Hematoxylin and eosin. X 315, 
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Fig. 8 Section through the central retina 
tungstic acid hematoxylin. x 294. 


are from the red squirrel, those in B from 
the ground squirrel. In the latter the off- 
effect always remains smaller than the 
b-wave, but in the red squirrel the off- 
effect begins by being most obviously the 
bigger, after about 15 seconds the two 
deflexions are approximately equal and 
by 30 seconds the off-effect is definitely 
smaller than the b-wave. This was a con- 
stant finding for the red squirrel under 
the conditions of our dark adaptation ex- 
periments, but we never saw the effect in 
any other squirrel species. In all these the 
off-effect remained smaller than the b-wave 
and increased in amplitude during dark 
adaptation. In all these pure-cone retinae 
the changes due to dark adaptation were 
complete in 60 seconds or less. Such a 
rapid dark adaptation has already been 
reported for another pure-cone retina, that 
of the gray squirrel, Sciwrus carolinensis 
leucotis (Tansley, ’57). 

Flicker. The curves in figure 4 show 
the increase in flicker fusion frequency 
with increased stimulus intensity for one 
specimen of the ground squirrel, Citellus 
lateralis, (top curve), a chipmunk (middle 
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of the rabbit. Zenker. Mallory’s phospho- 


curve) and a red squirrel (bottom curve).. 
All the ground squirrels and the chipmunk; 
investigated gave fusion frequencies of? 
between 95 and 120 per second with our: 
maximum intensity stimulus, but we never’ 
obtained a figure above 65 per second for’ 
the red squirrel under the same conditions. 
This difference is undoubtedly due to the: 
fact that the red squirrel’s responses to 
light are slower than those of the ground 
squirrels. With our maximum stimulus. 
the implicit (peak) time of the a-wave was 
15 msec and that of the b-wave 35 msec 
for the red squirrel. The figures for Citellus 
beecheyi were 10 and 15 msec respectively 
with the same stimulus. Some records of 
flicker responses for the red squirrel (A) 
and Citellus lateralis (B) are shown in 
figure 5. These records also show how 
much more precisely the ground squirrel 
retina can follow the stimulus changes. 
Histology. Figure 6 shows a section 
through the highly developed central retina 
of a Citellus beecheyi retina. This area 
forms a strip lying under the elongated 
nerve head and stretching right across the 
fundus. The unsually thick inner nuclear 


nd ganglion cell layers are very notice- 
ble. The section from a red squirrel 
shown in figure 7 was most carefully 
hosen from a comparable part of the 
etina. It is shown at the same magnifi- 
ation. It is plain that neither the inner 
uclear layer nor the ganglion cell layer 
re so well developed in this retina. A 
ection through the central area of the 
cotopic (rod-dominated ) retina of a rabbit 
s shown in figure 8 for comparison. 


DISCUSSION 


Our curves relating flicker fusion fre- 
uency to stimulus intensity in figure 4 are 
ery similar in shape to those published by 
ornschein and Szegvari (58) for another 
ound squirrel species, Citellus citellus. 
hese authors used an electronic flash of 
ery high intensity and a very short dura- 
ion, which was independent of the flicker 
ate, for their stimulus and, in conse- 
uence, their intensity range is quite dif- 
ferent from ours. However, their maxi- 
mum fusion frequencies are very nearly 
identical with those which we recorded for 
the chipmunk and the Citellus species. 
Our red squirrel curve, although similar 
in shape, is at a generally lower frequency 
level. All these curves obtained from pure- 
cone retinae are quite different from those 
reported by Dodt and Wirth (753) and by 
Bornschein and Szegvari for the rod-domi- 
nated retina of the guinea pig. In this 
animal the curve is in two parts showing 
a scotopic maximum fusion frequency of 
about 20 per second and another at higher 
intensities when the fusion frequency can 
go up to about 50 per second. There is no 
sign of any such break either in our curves 
or in those shown by Bornschein and 
Szegvari. 

As a result of his work on different types 
of retina, both rod-dominated and cone- 
dominated, Dodt has come to the conclu- 
sion that one can use the flicker fusion 
frequency as a means of differentiating 
between rod and cone responses. He be- 
lieves that a fusion frequency above about 
30 per second must be mediated by cones, 
and in a paper published in collaboration 
with Walther (Dodt and Walther, °58) 
uses.the idea in the interpretation of some 
results obtained with the rabbit. The hy- 
pothesis may be correct although it is hard 
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to understand how the comparatively small 
number of cones present in the rabbit ret- 
ina can completely dominate the electro- 
retinographic response in the way postu- 
lated by Dodt. Even if one assumes that 
the cones can inhibit the rod response as 
suggested by Elenius and Heck (’57) to 
explain some of their results in man, there 
would still appear to be too few cones in 
the rabbit to give a measurable electro- 
retinogram on their own. If one accepts 
Dodt’s hypothesis there is quite a lot of 
variation among the cone responses in 
different species with regard to the fusion 
frequencies they can achieve. Dodt and 
Wirth report a fusion frequency of 140 
per second for the far from pure-cone ret- 
ina of the pigeon using a one-to-one light- 
dark ratio at 8000 lux. These conditions 
are very like ours since we also used a 
one-to-one light-dark ratio at 7500 lux, but 
we never recorded so high a figure. And 
with these same conditions the red squirrel 
figure never went above 65 per second. 
So although the value for this animal falls 
within Dodt’s range for cones it is very 
markedly lower than that recorded for 
other cone-dominated retinae under com- 
parable conditions. 

It is obvious that the relatively low 
fusion frequency of the red squirrel retina 
is a consequence of its slower responses 
to stimulation so that it is unable accur- 
ately to follow quick alternations of light 
and dark. But why should this particular 
pure-cone retina be slower in its reactions 
than the other pure-cone retinae of the 
squirrel family? There is no reason to 
believe that this retina contains rods in 
sufficient number to affect the electro- 
retinogram. Leaving aside for the mo- 
ment a fusion frequency which Dodt would 
consider to be well outside the rod range, 
the criteria already discussed (Tansley, 
°57) in connection with the visual cells of 
the grey squirrel also apply to the red. 
This retina shows no Purkinje shift and 
has a rapid and not very extensive dark 
adaptation. In addition its spectral sen- 
sitivity curve is the same as that found 
in the grey squirrel and in the ground 
squirrels and chipmunk (Tansley, Copen- 
haver and Gunkel, ’60). 

It seems more likely that the answer lies 
in the neural organization of the retina. 
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If we compare a section of the red squirrel 
retina (fig. 7) with one from a ground 
squirrel (fig. 6) it is obvious that the latter 
shows the more complex structure. Not 
only are there enough ganglion cells to 
give a one-to-one relation between visual 
cells and optic nerve fibers but there are 
many more cells in the inner nuclear layer. 
Such an increase in complexity is typical 
of a cone-dominated retina in comparison 
with a rod-dominated one as can be seen 
from the section of a rabbit retina shown 
in figure 8. This section is also from the 
central retina where ganglion and bipolar 
cells are most numerous. In this rod ret- 
ina it is clear that there can be no ques- 
tion of a one-to-one relationship between 
rods and optic nerve fibers and that, so 
far from there being more inner nuclear 
cells than there are visual cells as in the 
cone retina, there are in fact many fewer. 

Granit (55) has shown that inhibition 
is much better developed in the cone- 
dominated than in the rod-dominated ret- 
ina and he argues that this is the reason 
for the much faster responses of the for- 
mer. Since one of the most striking differ- 
ences between the two types of retina is in 
the number of inner nuclear cells it seems 
probable that the increase in these seen in 
cone retinae is associated with an increase 
in the amount of inhibition that can be 
developed. We do not know whether this 
increase in the number of cells in the inner 
nuclear layer is mainly due to an increased 
number of bipolar cells and, if so, of which 
types of bipolar. There is certainly some 
increase in horizontal cells and possibly 
also of amacrine cells. If we associate 
fast reactions with increased inhibition 
and this with an increased complexity of 
the inner nuclear layer then it would be 
natural to expect that the visual reactions 
of the red squirrel would be slower than 
those of the ground squirrel and that its 
flicker fusion frequency would be lower 
under comparable experimental condi- 
tions. 

Another striking difference between the 
rod retina (fig. 8) and the cone retina (fig. 
6) lies in the proportions of visual cells to 
ganglion cells. In the rod retina there are 
enormously more of the former and this 
must mean that a very large number of 
visual cells must be finally connected to 


each ganglion cell and so to each optif 
nerve fiber of which the ganglion cell : 
the nucleus. Such an arrangement pre 
vides for a high degree of summation q 
visual cell responses onto each optic ner 
fiber and this seems to be the basis of t 
great sensitivity of the rod retina as com 
pared to the cone retina in which there ca 
be nothing like so much summation. 
comparison of the red squirrel retina (fig 
7) with that of the ground squirrel (fig. 6} 
indicates that there is likely to be mory 
summation in the former and one woulé 
therefore, expect the red squirrel to be moré 
sensitive to low illuminations. On thi 
other hand the ground squirrel retin. 
should be capable of greater resolutio 
owing to its possession of more ganglion 
cells and therefore of more optic nerv 
fibers. We have no information as to thw 
relative visual acuities of the two specie? 
but it does appear that the red squirr 
has a higher sensitivity. Whereas tha 
ground squirrels and chipmunks are r 
ported only to be active during the hours 
of full daylight, we observed that the rect 
squirrel does not at all confine its activity 
to the hours between sunrise and sunset 
Three individuals kept in an outdoor cage 
regularly played on a revolving wheel in 
the evenings through the twilight untii 
nightfall. 

We are unable to explain why the off 
effect in the red squirrel should be larger 
in the light-adapted state than during dark 
adaptation when in the ground squirre? 
the reverse is the case. It is true that ir 
the frog Granit and Riddell (’34) long aga 
showed that the off-effect is much ini 
creased during light adaptation. They alsa} 
found that the purely negative response, 
produced by massage of the bulb and be- 
lieved to be an expression of PIII activity, 
is increased by light adaptation and thatt 
it shows a quicker disappearance at “off” 
under these conditions. This was one o 
the findings considered by Granit when, | 
in his well-known analysis of the electro-4 
retinogram, he suggested that the off-effect! 
is largely due to the quicker disappearance} 
of PIII than PII on cessation of illumina-- 
tion resulting in the transitory reappear-- 
ance of a positive potential at “off.” How-- 
ever, such an explanation cannot, as; 
Granit and Therman (’37) first pointed! 


! 


t and as has been shown much more re- 
tly by Tansley, Copenhaver and Gunkel 
1), account entirely for the large off- 
ect of the cone retina. There must, in 
dition, be a reactivation of PII at “off.” 
may be that such a reactivation of PII 
a more important component of the 
ound squirrel off-effect while the inter- 
tion of PUI and PII plays a greater part 
i the red squirrel. Some such hypothesis 
ight expain the difference in response 
dark adaptation of the off-effect of the 
d squirrel as compared with that of the 
her squirrel species. 


SUMMARY 


1. Some electroretinographic responses 
the American red squirrel were com- 
ed with those of two ground squirrel 
d one chipmunk species. 

2. It was found that whereas the off- 
ect of the ground squirrel electroretino- 
am increased during dark adaptation 
at of the red squirrel decreased. 

3. The flicker fusion frequency of the 
d squirrel as measured by the electro- 
stinogram was consistently lower than 
iat of the ground squirrels and chipmunk 
nder the same experimental conditions. 
4. The flicker results are discussed in 
1e light of the retinal histology of the red 
nd ground squirrels. 

5. A tentative suggestion is put forward 
» explain the different behavior of the 
ff-effect in light and dark adaptation as 
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between the red squirrel and the ground 
Squirrels. 
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Cran- 


d Rapid Swelling 


In previous communications (Gurevitch 
d Nelken, 56; Gurevitch, Nelken and 
non, 58) we described the morphologi- 
1 changes occurring in normal human 
ood platelets when introduced into solu- 
ms of decreasing ionic strength. The 
rombocytes showed an increase in size; 
ey became swollen and the spicules be- 
ame longer and broader. In the solutions 
r very low ionic strength a peculiar 
irombocyte shape appeared; the throm- 
ycyte possessing a sword-like protrusion. 
ecently the osmotic fragility of normal 
uman blood platelets has been investi- 
ated (Nelken, Gilboa-Garber and Gure- 
itch, 60). The morphological changes of 
ie thrombocytes as well as the release of 


16 enzyme pyrophosphatase into the hypo- — 


mic solutions were measured as a func- 
on of the decreased ionic strength. ‘An 
nalogy could be drawn between the classi- 
al osmotic fragility test of erythrocytes 
nd the osmotic fragility of thrombocytes. 
1 the osmotic fragility test of erythro- 
ytes the cells are directly introduced into 
1e hypotonic salt salution and the degree 
f hemolysis measured. When the hemol- 
sis is performed through the gradual de- 
rease in ionic strength (Danon, Nevo 
nd Marikovsky, 56) and the degree of 
emolysis measured (Klibanksy, ’60), the 
ssults obtained differ from those of the 
rst “drastic” method. The ionic strength 
t which the hemoglobin is released 
rough the red blood cell membrane in 
1e dialysis procedure is lower than in the 
rastic or classical hemolysis method. The 
ifference in the ionic strength at which 
1e hemolysis occurs when erythrocytes of 
1e same donor were examined by the dras- 
c and gradual methods is attributed to 
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the visco-elastic nature of the erythrocyte 
membrane. The membrane is unable to 
resist the sudden pressure increase which 
occurs when the cell is introduced into a 
solution of low ionic strength. On the 
other hand, the red cell membrane with- 
stands the slow increase of the internal 
pressure during the dialysis method down 
to a lower external salt concentration than 
in the drastic method. 

In the present study an attempt has been 
made to examine normal human thrombo- 
cytes exposed to a gradual decrease in 
ionic strength as compared with thrombo- 
cytes exposed to “drastic” reductions in 
outer solution concentration. 


MATERIALS AND METHODS 


Preparation of thrombocyte 
suspension 


The blood drawing, the anticoagulant 
solution and the method of separation 
of the thrombocytes have been described 
elsewhere (Nelken, Gilboa-Garber and 
Gurevitch, 60). 


The decrease of ionic strength 
by the gradual method 


Gradual decrease in the salt concentra- 
tion surrounding the thrombocytes was 
achieved by dialysing a suspension of 
thrombocytes in physiological salt solution 
against the desired hypotonic solution in 
the following manner: Thrombocytes sep- 
arated from 10 ml of blood were intro- 
duced into a dialysis bag’ containing 10 ml 
of 0.15 N NaCl solution. The bag was sus- 
pended into a beaker containing 2000 ml 


1 Purchased from Fisher Scientific Company, 
New York, no. 8-667. 
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of 0.024 N NaCl solution. Another dial- 
ysis tube containing an equal volume of 
salt solution of the same concentration 
was suspended into the beaker at the same 
time. Every 5 to 10 minutes, 1 ml aliquot 
of the thrombocyte suspension was with- 
drawn and fixed in 1% (final concentra- 
tion) osmium tetroxide in a NaCl solu- 
tion of approximately the same ionic 
strength as the suspending medium of the 
aliquot, and buffered to pH 7.3 according 
to Palade ’52. (Each batch of dialysis tub- 
ing was calibrated prior to performing 
thrombocyte experiments by establishing 
the decrease of ionic strength with time, 
under the experimental conditions stated. ) 


The “drastic” method 


The “drastic” decrease in the salt con- 
centration of the medium surrounding the 
thrombocytes was obtained by adding 0.05 
ml aliquots of a concentrated stock sus- 
pension of thrombocytes in 0.15 N NaCl 
solution into 1 ml of NaCl solution taken 
from the second dialysis bag mentioned 
above (that containing no thrombocytes). 
As the solution in this dialysis bag may be 
presumed to have reached the same degree 
of hypotonicity as the one in the dialysis 
bag containing the thrombocytes under- 
going gradual environmental changes, a 
direct comparison between the two 
methods under identical final conditions 
is possible. After 5 minutes in the hypo- 
tonic medium the thrombocytes were fixed 
by adding osmium tetroxide solution as 
described above. 

After 20 minutes fixation, one drop of 
every suspension was examined between 
slide and cover glass under a phase-con- 
trast microscope. One hundred cells were 
classified according to their different 
forms. The percentage of normal cells 
left in every sample as a function of ionic 
strength is shown in figure 1. The elec- 
tron microscopical preparations were made 
by depositing a drop of suspension on a 
copper grid covered with a Formvar film. 
The drop was air dried, then washed with 
10 successive drops of glass doubly-dis- 
tilled water. After air drying the grids, 
they were shadow cast by platinum at a 
height to shadow ratio of 1 to 5. An RCA 
EMU 3B electron microscope was used. 


Pyrophosphatase determination 


The pyrophosphatase released from t 
thrombocytes into the surrounding Nab 
solution was determined in 1-ml sampl) 
according to a method previously describoy 


(Nelken, Gilboa-Garber and Gurevitch, "66 


Reversion to isotonicity 


Gradual reversion to isotonicity w i 
achieved by placing the dialysis bag cog 
taining the remaining thrombocytes in Ici 
ionic strength solution into 1000 ml 0. 
N NaCl solution. 

Rapid reversion was accomplished } 
adding hypertonic NaCl solution to eac 
hypotonic salt solution containing th 
thrombocytes bringing it back to isotop 
icity. 


Clot retraction experiments 


The clot retraction was determined I 
adding 0.4 ml of the platelet suspensici 
to 0.4 ml of own plasma, 0.05 ml of 30% 
suspension of thrice washed erythrocyte 
and 0.1 ml of 4.5% CaCl. The clot retrai 
tion was examined after three hours a 
24 hours. (The erythrocytes were intré 
duced in order to facilitate the visualizz 
tion of the degree of clot retraction. ) 


RESULTS 
I. The morphological examination 


Phase-contrast microscope observations 
The morphological examination with thi 
aid of the phase-contrast microscopd 
showed no fundamental morphological dit 
ference between the platelets in the dia! 
ysis bag where hypotonicity was achievee 
gradually and the platelets introduced di 
rectly into the hypotonic solutions. Wher 
the NaCl concentration decreased to 0.17 
N (after 10 minutes dialysis), an overall] 
swelling of the platelets was observed. Thal 
same morphological changes, but more 
exaggerated, were seen in the platelets tha 
were directly introduced into the hypotonia 
solution of the same ionic strength. 

When the salt concentration reached 
0.10 N (after 20 minutes of dialysis) the 
swelling was more pronounced. 

When the NaCl solution went down ta 
0.083 N (30 minutes dialysis) all the plate- 
lets from the dialysis bag were still with 
spicules, and may thus still be considered 
morphologically normal. Among those in- 


ted directly into the same hypotonic 
ution, 8% of the platelets could be con- 
ered deformed, three of those 8% 
wed adjoining balloons, and 5% had 
eloped fine, long protrusions. The re- 
ining 92% of the platelets were still 
h spicules, and were counted as nor- 
although they were very swollen. 
At ionic strength 0.066 N (40 minutes 
ysis) the percentage of the swollen 
ugh normal platelets was 92%, the re- 
aining 8% being thick, rounded plate- 
's of smaller diameter having no spicules. 
' the platelets that were treated by the 
astic method to the same ionic strength, 
ly 58% were swollen normal cells. The 
st of the drastically treated platelets had 
tached ballons, or were thick, rounded 
atelets of smaller diameter without spic- 
es, some of them with swordlike protru- 
ns. 
The greatest difference between the 
adual and the drastic method occurs at 
1 ionic strength of 0.058 N (50 minutes 
alysis). Of the platelets in the dialysis 
ig 72% still had spicules, which were 
ghtly longer than those of the platelets 
an isotonic solution, but otherwise 
oked normal, about 20% were thick, 
unded platelets and the rest were plate- 
ts with attached balloons or with a 
yordlike protrusion. At the same salt 
ncentration, drastically achieved, only 
\% of the cells were morphologically nor- 
al, 34% were swollen up like balloons, 
7 had developed swordlike protrusions, 
1d 53% were thick, rounded cells. 
When the ionic strength reached 0.050 
(60 minutes dialysis) only 25% were 
orphologically normal although some- 
hat irregular. Of the rest, 42% were 
atelets with attached balloons, 3% had 
yordlike protrusions, and 30% were 
ick, round platelets. 
At the same solution in the drastic 
ethod only 5% of the platelets were mor- 
iologically normal. Sixty-one per cent 
sre platelets with balloons and 37% 
ick, rounded platelets. 
In the next solution (0.043 N) almost 
. difference could be observed under the 
lase-contrast microscope between the 
atelets in the dialysis bag and those in- 
rted directly into the same hypotonic 
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solution. In both cases about 87% of the 
platelets were balloons and 13% of them 
were rounded thick cells. 

This comparative enumeration is sum- 
marized in figure 1 where the percentage 
of morphologically normal platelets in the 
gradual method is compared to that of 
the “drastic” method. 

Electron microscope observations. These 
generally confirmed the results obtained by 
the phase-contrast microscope about the 
percentage of remaining normal cells at 
various salt concentrations. At an ionic 
strength of 0.066 N, however, a major dif- 
ference, not observed in the phase-contrast 
microscope, becomes evident between the 
electronmicrographs of thrombocytes sub- 
jected to the gradual and drastic decrease 
in salt concentration respectively. A great 
number of torn and otherwise deteriorated 
membranes (figs. 4, 5) result in the drastic 
method, while very few of such damaged 
membranes appear in the gradual method 
in which the predominant picture is that 
of swollen but not torn thrombocytes (fig. 
3). Another striking feature in the elec- 
tronmicrographs is the evident increase 
in the size of the thrombocytes as the ionic 
strength goes down (fig. 6), and the re- 
covery of the original size when the throm- 
bocytes are brought back into physiological 
solutions (fig. 7). The damage to throm- 
bocytes that had been brought down in 
ionic strength drastically (fig. 8) and then 
returned to physiological saline is much 
more apparent (fig. 9) than the damage 
caused to thrombocytes that were treated 
by gradual decrease in salt concentration 
(fig. 7). The method used for bringing 
back the thrombocytes to the isotonic me- 
dium, i.e., either dialysing the platelets in 
hypotonic medium against isotonic NaCl 
solution or adding sufficient amount of 
hypertonic solution did not make a notable 
difference. It should be noted that while 
the reversed cells from the gradual de- 
crease did not look exactly like the original 
normal cells in isotonic solution, they re- 
covered their spicules and normal size 
(fig. 7). The cells that were subjected 
to a drastic decrease in salt concentration 
rarely recovered their spicules and mostly 
were deformed (fig. 9). 
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II. Determination of pyrophosphatase 
activity 


Differences between the gradual and 
astic decrease in salt concentration treat- 
ents appeared also in pyrophosphatase 
lease from the thrombocytes. While 
ere was no release of pyrophosphatase 
om the platelets in the dialysis bag at 
1 ionic strength of 0.043 N NaCl, (a 
int at which there was no longer any 
fference between the two methods in 
e phase-contrast countings (fig. 1), there 
as a considerable release of the enzyme 
om the platelets inserted directly into 
Mpotonic solution of this concentration. 


III. Clot retraction experiments 


After bringing back the thrombocyte to 
otonic solution, their capacity to cause 
ot retraction was tested. It was found 
at no clot retraction activity was con- 
rved by the thrombocytes treated by the 
astic method while the cells treated by 
e gradual method caused a partial clot 
traction. The method used for bringing 
ick the thrombocytes to the isotonic 
lution, by dialysis or by adding hyper- 
nic solution, did not make any difference 

the clot retraction capacity of the 
rombocytes. 


DISCUSSION 


The phase-contrast as well as the electron 
icroscope indicates that there is no basic 
orphological difference between platelets 
at have been subjected to sudden de- 
ease in the salt concentration of the 
irrounding medium, and those that have 
ached the low salt concentration very 
adually by the dialysis method. Apart 
om details, the modifications of the plate- 
ts shape are similar in both methods. 
he percentage of thrombocytes of various 
apes, however, is different for the two 
ethods at corresponding salt concentra- 
ms. A certain fraction of the cells 
eated by the drastic method, moreover, 
‘esent a broken membrane. This is dem- 
ystrated on the one hand by the electron 
icrographs showing the damaged and 
oken membrane and on the other hand 
+ the leakage of pyrophosphatase. An- 
her significant difference between the 
79 methods appears when the ionic 
rength of the suspending medium is re- 


versed to the physiological. Here, we see 
that the drastic method caused a total loss 
of the capacity of the platelets to bring 
about clot retraction, while the platelets 
that were treated by the gradual method 
partially conserve this capacity. The re- 
sults obtained by the gradual method indi- 
cate that the membrane can endure large 
deformations without irreversible changes 
as long as these take place gradually. The 
reversibility of the platelet to a shape simi- 
lar to its original as well as the conserva- 
tion of its capacity of clot retraction is an 
indication of the rubber-like nature of its 
membrane. The molecular mechanisms in 
the membrane will be loaded by the stress 
and their ability to withstand the stress ap- 
plied will depend on the rate of stressing. 
It seems that a certain time is necessary 
in order to bring about architectural 
changes on the molecular level in the mem- 
brane without breaking it. If this time is 
not available, as in the case of rapid swell- 
ing, the changes will be accompanied by 
disruption of the inter-molecular structure. 
Such behavior has already been attributed 
to the erythrocyte membrane (Klibansky, 
60). In the thrombocyte, however, the re- 
turn of the deformed membrane occurs 
over a wider range. The influence of the 
time during which the pressure is applied 
is also more apparent in the case of the 
thrombocyte membrane. 


SUMMARY 


Normal human thrombocytes were ex- 
posed to gradual and “drastic” decrease in 
the salt contration of the surrounding 
medium. Morphological changes of the 
thrombocytes were observed in the phase- 
contrast microscope and the numbers of 
morphologically normal cells remaining in 
the various hypotonic salt concentrations 
were counted and plotted as a function of 
the ionic strength. Electron micrographs 
are presented to illustrate the morpholog- 
ical changes caused by the two different 
methods. The release of pyrophosphatase 
enzyme is compared for the two methods 
as well as the clot retraction after return 
to physiological solutions. It was found 
that morphological changes resulting from 
the gradual method are reversible but that 
irreversible changes are produced by the 
“drastic” method. Pyrophosphatase is re- 
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leased only in the “drastic” method and 
partial clot retraction occurs only after re- 
turn to the physiological condition in the 
gradual method. 
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29 Normal human thrombocyte in 0.15 N NaCl. 


Human thrombocyte after gradual decrease jn salt concentration of the surrounding 
medium down to 0.066 N NaCl (50 minutes dialysis ). 


4 Human thrombocyte after sudden (“drastic”) transfer into hypotonic solution of NaCl 
0.066 N showing an adjoining balloon. 


5 Same treatment as in figure 4 showing tears and holes in the thrombocyte membrane. 
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Human thrombocyte that was gradually brought by dialysis to the ionic strength of 
0.043 N NaCl. Note the remarkable swelling. 


Human thrombocyte that was gradually brought, by dialysis, to ionic strength of 0.043 N 
NaCl and then brought back to 0.15 N NaCl by adding hypertonic solution. 


A thrombocyte brought down to the same ionic strength as in figure 6 but in a “drastic” 
method. Note tearing of the membrane. 


A thrombocyte that was brought down by the drastic method and then back to physio- 
logical concentration. Note the deterioration of the membrane has persisted. 


San Juan, Puerto Rico 


| is well known that the lymph hearts 
}Amphibia lack the automatism char- 
Heristic of vertebrate cardiac tissue. 
bir activity, like that of Arthropod 
arts, depends upon the integrity of their 
| e supply. In fact, each contraction 
he lymph heart is elicited by a volley 
Hnerve impulses that originate at a 
ll group of spinal motoneurons (see 
pda, 56). 

he electrical activity of the posterior 
yph hearts of the frog was studied by 
cke and Umrath, and also by von 
any, in 1930. Recording directly from 
lymph heart muscle these authors 
ferved that each systole is accompanied 
ja burst of electrical activity consisting 
8 to 10 action currents with an overall 
lation of 0.2 to 0.5 seconds. The ampli- 
le of the recorded potentials was very 
7 due, presumably, to the shunting ef- 
pt of the connective tissue in which the 
lhph hearts are embedded. 

Briicke and Umrath studied also the 
bntaneous electrical activity of the XI 
nal nerve,? the main source of motor 
hervation to the lymph heart. Bursts of 
ion currents, just above the limit of 
olution of the recording system, were 
bwn to occur in this nerve. Although 
simultaneous electrical recording from 
h lymph heart and nerve was per- 
med, it could be concluded that the 
jon currents observed in the XI spinal 
rve were responsible for the initiation 
the periodic outbursts of electrical ac- 
ity recorded from the muscle tissue. 
Since those papers were published, con- 
erable advances have been made in both 
ktrumentation for electrical recording 
d our understanding of neuromuscular 
aptic, mechanisms. It was interesting, 
brefore, to repeat some of the earlier 
irk with the techniques now available. 
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je Electrical Activity of the Amphibian Lymph Heart 
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METHODS 


Most experiments have been performed 
on the posterior, or coccygeal, lymph 
hearts of the toad Bufo marinus, which 
are comparatively large and flat, have 
rather thick walls and are situated just 
underneath the skin. The lymph hearts 
in the frog Rana pipens, were explored, 
but they seem to have a more irregular 
shape and are more deeply located. 
Tree-frogs Eleutherodactylus portoricensis 
(Schmidt), have also been used. 

The toads and tree-frogs were anesthe- 
tized with urethane (2.5 gm/kg). This 
procedure results in more lasting prepara- 
tions than those obtained by decerebration. 
Dissection was limited in most instances, 
to exposing the lymph heart by removing 
the skin and subcutaneous fasciae. 

In the toad, the external surface of the 
lymph heart is surrounded by tough con- 
nective tissue which represents a nearly 
impenetrable barrier to the intracellular 
micropipettes. These electrodes could only 
be used on the inner surface of the organ. 
To do so the dorsal wall of the lymph 
heart was cut open. This procedure does 
not seem to interfere with the motor in- 
nervation as hearts prepared in this fash- 
ion went on beating vigorously for several 
hours. 

Although the temperature of the labora- 
tory where these experiments were per 
formed was maintained between 19° 
and 25°C, the observed rates of the lymph 
hearts, of about 100 systoles per minute, 
were higher than those reported by other 
authors for the same temperature range 


1 Department of Biology, University of Puerto 


Rico, Rio Piedras, Puerto Rico. 
2 Called sometimes X spinal nerve, as an em- 
bryonic first spinal nerve is missing in the adult 


animal. 
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(from 60 to 70 per minute according to 
Braun-Menendez and Foglia, *40). 

Extracellular recording. The electrical 
activity of the lymph heart was recorded 
with the aid of a pair of platinum wires 
(B. & S. gauge no. 24) covered by an in- 
sulating coat of varnish. Their exposed 
tips were applied against the dorsal sur- 
face of the heart. No difficulties due to 
movement artifacts were experienced. The 
gentle pressure exerted by the electrodes 
themselves was sufficient to immobilize the 
heart without producing noticeable dam- 
age to the tissues. 

The potentials picked up by the plati- 
num electrodes were differentially ampli- 
fied by a Tektronix type 122 preamplifier 
and displayed on the screen of a Tektronix 
type 502 dual beam cathode ray oscillo- 
scope. Photographic records were obtained 
with a Grass Kymograph camera. The 
preparation was grounded by means of a 
large electrode applied to the muscles of 
the thigh. 

Intracellular recording. This was per- 
formed with the aid of conventional micro- 
pipettes, filled with 3 molar KCl solution 
and controlled with a Zeiss sliding micro- 
manipulator. The metal electrode in con- 
tact with the KCl solution was connected 
to the Tektronix 502 CRO via a high input 
impedance head stage with low grid cur- 
rent and negative capacity neutralization 
(Lettvin et al., 58). 

Recording of motor nerve impulses. 
Action currents of the XI spinal nerve have 
been recorded, after removal of the coccyg- 
eoiliacus muscle, by suspending the nerve 
from two platinum hooks in a pool of 
mineral oil. These electrodes were con- 
nected to a Tektronix type 122 preampli- 
fier. As the number of motor axons in the 
XI spinal nerve supplying the lymph heart 
is small, not more than about 6 or 7, a 
high overall gain had to be employed in 
the recording system. The signal-to-noise 
ratio could be improved by dissecting from 
the main nerve trunk a small nerve bundle 
containing some of the desired motor 
axons. 

Electrical stimulation. The electrical 
stimulation of the motor nerve fibers sup- 
plying the lymph heart could easily be 
achieved by applying pulses either to the 
spinal motoneurones or to the XI spinal 
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nerve. Both these procedures have the 4 
advantage of resulting in the stimulaty 
of many other motor axons and the co 
quent mechanical and electrical artifay 
produced by the activity of surroundi 
muscles. Instead, by exploring the con 
tive tissue surrounding the lymph he 
with a monopolar electrode, it was usual 
possible to find a site where weak electri 
stimuli gave rise to a contraction of 
heart without involving the adjacent ske 
tal muscles. 

Recording of lymph heart movemen 
The movements of the intact lymph hes 
have been recorded by a method develo 
in collaboration with Dr. J. Y. Lettvin. 
takes advantage of the fact that the 
chanical distortion of the tip of a h 
resistance glass micropipette results 
marked changes in the electrical impo 
ance between the inside of the piped 
and the external solution. So a micg 
pipette was placed upon the heart in su 
a position that its tip moved and be 
with each systole. The impedance of t 
micropipette tip was continuously mod 
tored by applying rectangular pulses 
current of constant strength and du! 
tion of 2 msec. at a frequency of 29 
cycles/sec. The voltage drop produced 
the current flow, which is proportional] 
the impedance of the tip, was display 
on the oscilloscope using a relatively sli 
sweep speed. An envelope was thus 4 
tained representing the variations of t 
micropipette impedance. It is obvious tH 
either an increase or a decrease of s 
impedance may accompany each systo 
depending upon the initial position of ti 
micropipette tip and the pressure applie 
In figure 8 the micropipette was arrangg 
so that the contraction of the heart p» 
duced an increase in tip impedance rep) 
sented by an increase in the width of tt 
envelope. 


RESULTS 


Extracellular recording from the 
lymph heart muscle | 

The records obtained with extracellull} 
electrodes confirmed the results report 
by Briicke and Umrath (’30). Bursts 
electrical activity made up of a varia 
number of action currents, are seen asé 
ciated with each lymph heart contraction 


Hoth recording electrodes are placed 
bn the lymph heart these action currents 
ear as diphasic variations (see fig. 1) 
bse amplitude varies considerably not 
in different preparations, depending 
bn the magnitude of the external shunt, 
also from burst to burst in the same 
| rt. The relative size of the positive and 
igative components of each action cur- 
Wt are also variable and depend mainly 
pn the position of the electrodes on the 
rsal wall of the lymph heart. The only 


} 


Big. i 


£0.5 mV 


0.25 sec 
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nearly constant feature that one finds in 
these records is a somewhat slower mono- 
phasic wave at the end of each discharge, 
whose polarity is opposite to that of the 
main components of the diphasic currents. 

The patterns formed by these action cur- 
rents become simpler, more reproducible, 
and easier to interpret if only one of the 
recording electrodes is left in direct con- 
tact with the lymph heart muscle. The 
other lead may be placed on either a re- 
gion of the heart previously damaged by 


Bursts of action currents recorded from a lymph heart by means of two platinum 
electrodes in contact with its dorsal surface. A heart systole is associated with each burst 
(see fig. 9). Notice the variability in the amplitude of the recorded currents and the dura- 
tion of the intervals between consecutive systolic discharges. 


Fig. 2 Systolic discharges recorded from a lymph heart with external electrodes. Whereas 
és . + . t 

i . electrodes were in contact with the hear ( 
Pitttsed eine one electrode directly on the heart and the other ee surrounding 
Beinéctive tissue a few millimeters away. Calibrations in A apply also to B. 


muscle, the above records were 
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local heating, as Briicke and Umrath (’30) 
did, or in the surrounding connective tis- 
sue as we have done in most experiments. 

In many preparations, the systolic dis- 
charges recorded in this fashion consist 
of two separate phases (see fig. 2). The 
first one is made up by a variable number 
of relatively fast waves (usually 5 to 10) 
that add up to produce an electrical varia- 
tion of serrated or spiky contour. This is 
followed by a slower wave of smooth out- 
line and opposite polarity whose amplitude 
is comparable to that of the first phase. It 
must be emphasized, however, that in 
some lymph hearts we have been unable to 
obtain such a clear-cut pattern of systolic 
discharge as those shown in figure 2. In 
those instances (see fig. 3) the recorded 
patterns seem to be intermediate between 
those shown in figures 1 and 2. 

The polarity of the systolic discharges 
recorded with a couple of external elec- 
trodes in contact with the dorsal wall of 
the lymph heart depends upon the relative 
position of their tips. If the electrodes are 
radially oriented, the middlemost electrode 
becomes positive with reference to the 


Fig. 3 Two systolic discharges recorded from 
a lymph heart with the same electrode arrange- 
ment as that used in figure 2 (see text). Calibra- 
tions in A apply also to B. 


peripheral one during the first wave} 
each diphasic action current; indicat 
that this deflection is produced by curr} 
flowing from the center to the periph | 
of the heart. | 

Similar results have been obtained wh} 
a single “active” electrode is placed up} 
the center of the lymph heart. The req 
tively fast peaks that form the initial pd 
of the systolic discharges are due to i} 
transient positivity of that electrode 
reference to the “remote” electrode sii 
ated outside of the lymph heart area. 

If an intracellular microelectrode is | 
serted into the lymph heart muscle ce& 
(see later) one sees that the initial wav 
of the systolic discharge represent bri 
depolarizations of their surface membrai 
On the other hand (see last section 
Results), the externally recorded acti 
currents resemble the first derivative 
those potential changes. 

This suggests that the externally 
corded positive deflections just discussé 
are due to current leaving the lymph cz 
diac muscle cells across passive areas 
membrane; i.e., regions that do not partii 
pate in the permeability changes respcq 
sible for cell depolarization. 

Although no attempt has been made } 
study in detail the distribution of sing 
and sources of current in the lymph hea 
sites have occasionally been found neg 
the edge of its dorsal wall, where actiaj 
currents of a polarity opposite to that 
records in figures 1 and 2 could be i 
corded. Exploring those sites with th 
platinum electrodes one could see _ thi 
small displacements of the electrode 
may result in a reversal of the sign of tl 
recorded currents (see fig. 4). In betweed 
“positive” and “negative” areas the eled 
trode passes over points where the amp} | 


reduced. 


Electrical activity of the 
XI spinal nerve 


As we have mentioned, Briicke an 
Umrath (30) demonstrated the existenaf 
of spontaneous bursts of action curren] 
in the XI spinal nerve of the frog whic# 
occur at the same frequency as the lymy 
heart systoles. The lymph heart contra 
tions stop as soon as the nerve supply | 


iierrupted although discharges of action 
grrents go on in the central portion of 
F cut nerve. This indicates that the 
pntaneous nerve activity represents the 
4leys of motor impulses which elicit each 
stole. It was, therefore, interesting to 
ord simultaneously the electrical activ- 
} of both nerve and heart to observe more 
bsely their relationships. 

(For this purpose, the electrical dis- 
Jarges of both nerve and lymph heart 
kre picked up by platinum electrodes and 
played on separate beams of the CRO. 
fcould then be seen how each burst of 
scle action currents is associated with 
train of nerve spikes. 

if the entire nerve trunk is suspended 
bm the electrode, the amplitude of the 
btor spikes is barely higher than the base 
‘le noise. However, it is possible to in- 
base the relative magnitude of the sig- 
ls by dissecting small bundles of fibers 
bm the XI nerve placing them separately 
fon the recording electrodes. In _ this 
ishion preparations can be obtained con- 
ining «a few lymph-cardiac motor axons 
ich give relatively large spikes. Records 
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Fig. 4 Systolic discharges recorded from the dorsal surface of the lymph heart with a 
thin platinum electrode (0.1 mm in diameter). 
B, and from B to C, in two steps of about 0.7 mm each. Notice changes in the patterns 
formed by the action currents (see text). Calibrations in C apply to all records. 


Its position was shifted from record A to 


made from these preparations are illus- 
trated in figure 5. The correspondence be- 
tween nerve and muscle activity is very 
obvious in some systolic discharges. In 
record 5F, for instance, each muscle action 
current is associated with spike activity 
in the bundle of fibers placed upon the 
nerve electrodes. In some records such as 
5D, a certain correlation seems to exist 
between the number of nerve spikes and 
the amplitude of the corresponding muscle 
action currents. In record 5A, however, 
we can see a muscle action current (the 
first one) which is not accompanied by 
motor nerve impulses. Conversely, nerve 
spikes are seen which are not followed by 
muscle action currents. This shows that 
the nerve impulses observed are only a 
fraction of those that arrive at the lymph 
heart, while the recorded muscle action 
currents represent the activity of only a 
part of the organ. It is clear, however, 
that each fast deflection recorded from 
the muscle is preceded, and presumably 
elicited, by a variable number of motor 
impulses reaching the lymph heart along 
several axons. These impulses are not 
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Fig. 5 Simultaneous recording of lymph heart muscle action currents (lower trace) and 
spontaneous electrical activity in a bundle of nerve fibers dissected from the XI spinal nerve 
The nerve spikes represent the motor impulses responsible for the synaptic 
Voltage calibration in record A applies also to B, D 
and E, and that in record C applies also to F (lower traces only) time calibration in A 


(upper trace). 
activation of the lymph heart muscle. 


applies also to record B. 


synchronous, although all of those associ- 
ated with a single muscle action current 
seem to arrive at the lymph heart within 
a period not longer than 12 to 15 msec., 
see for instance record D in figure 5. 


Electrical stimulation of lymph- 
cardiac motor axons 


Another way of obtaining information 
on the relationship between nerve and 
muscle activity at the lymph heart is to 
stimulate directly the lymph-cardiac motor 


fibers. The easiest method to do this is 1 
explore the surrounding connective tissu 
with a monopolar stimulating electrod 
Weak negative electric pulses are appli 
between the tip of this electrode and 
larger one making contact with the mui 
cles of the thigh. 

Although the anatomical course fc 
lowed by the motor axons is variable, sité 
could be located in most preparatior 
where the applied pulses gave rise to cop 
tractions of the lymph heart not accor 
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nied by twitching of adjacent skeletal 
iscles. 

Figure 6A illustrates the effect of a sin- 
| supramaximal pulse applied to the 
inph-cardiac motor axons. The stimulus, 
mrked by the artifact, is followed after a 
Nef delay by a diphasic action current 
snsisting of a relatively fast initial phase 
ittinued by a slower deflection of op- 
Site polarity. These two phases will be 
i erred to as fast and slow. 

Whe overall duration of the fast phase, 
1, from its beginning to the point where 
| baseline is crossed, is of about 40—45 
yec.; the time of rise to peak accounting 
j) approximately one third of this period. 
fe leading edge of the fast wave often 
ibits some irregularities which might 
ue to differences in the excitation + 
fiduction time of the various motor 


sons. 
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ig. 6 Action currents of the lymph heart 
iscle elicited by direct electrical stimulation of 
Inerve supply (see text). In A a single stimulus 
is applied whereas B and C show the effects of 
nd 8 stimuli respectively. In record B the in- 
‘Val between the two stimuli is of 25 msec. The 
sryals between the stimuli in record C are 20 
ec. Calibrations in record A apply also to B 


HC. 


The overall duration of the second or 
slow phase is of over 0.25 sec. (at a tem- 
perature of 23°C); that is, about 6 times 
longer than the fast or initial phase. The 
time of “rise” of this phase, to a rather ill- 
defined peak is of about 75 msec. at the 
same temperature. 

If two pulses are applied in rapid succes- 
sion (see fig. 6B), the double peak formed 
by the partial summation of the fast waves 
elicited by each stimulus is followed by a 
single slow wave of the opposite sign. No 
indication of the individual “slow” phases 
can be distinguished as steps or notches; 
the single slow wave shows, indeed, a very 
smooth and uninterrupted contour. 

Figure 6C illustrates the effect of apply- 
ing 8 consecutive stimuli to the lymph 
heart motor fibers. The resulting pattern 
of action currents is very similar to some 
of the spontaneous systolic discharges. 
Another example of fast repetitive stimu- 
lation of lymph-cardiac motor fibers can 
be found in figure 8B. 

Figure 7 has been drawn by superim- 
posing tracings of separate records show- 
ing the lymph heart action currents 
elicited by 1, 2, 3, 4 and 5 stimuli ap- 
plied to the motor axons. The interval 
between consecutive stimuli was of 20 
msec. The insert shows the maximum 
amplitude of the second or slow phase in 
each record plotted against the number of 
applied stimuli. It can be seen that the 
amplitude of the slow wave following 1, 
2. 3, or 4 fast deflections is equal to the 
sum of an equivalent number of slow 
waves following single stimulus. 

The polarity of the action currents 
elicited by direct electrical stimulation of 
the lymph heart nerve supply depends also 
upon the position of the “active” recording 
electrode within the lymph heart area. 
This polarity is identical with that of the 
spontaneous systolic discharges recorded 
with the electrode in the same position. 
This can be shown by stimulating the 
motor axons in preparations with an in- 
tact central nervous system and lymph- 
cardiac nerve supply. By doing so, it is 
possible to record side by side, the muscle 
action currents generated by motor im- 
pulses originating at lymph-cardiac spinal 
motoneurones and those elicited by the 
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Fig. 7 This figure has been drawn by superimposing tracings of separate records show- 
ing the lymph heart action currents elicited by 1, 2, 3, 4 and 5 stimuli applied to the motor 
axons at a frequency of 50 per second. The insert shows the maximum amplitude of the 
slow phase in each tracing plotted (ordinate) against the number of applied stimuli (abscissa). 


electrical stimulation of their axons in the 
periphery. This is illustrated in figure 8. 


Relationship between the electrical 
and mechanical activity of the 
lymph heart 


It is easy to see that each systole of the 
lymph heart is associated with a burst of 
electrical activity. However, to establish 
more precisely the relationship between 
these two events, experiments have been 
performed in which the movements and 
the electrical activity of the lymph heart 
were displayed separately on each beam 
of the CRO. 

By recording the changes of the imped- 
ance of a micropipette applied against the 
dorsal surface of the exposed lymph heart 
an overall picture of its movements can 
be obtained. The records resulting from 
these experiments, some of which are illus- 
trated in figure 9, show that the ampli- 
tude of the displacements of the lymph 
heart tissue is not constant. Very often, fur- 
thermore, systoles are observed in which 
the rising phase of the contraction is inter- 
rupted by a step or even by a brief period 
of relaxation. These patterns are invari- 
ably associated with a clustering of the 
corresponding action currents into two dis- 


ta 


tinct groups separated by a brief siler 
period. However, when the action curre 
form compact patterns such as those seé 
in figure 9, the ensuing contractions hav 
smooth and uninterrupted contours 
single well-defined peaks. The foot, or b 
ginning, of the contraction appears . 
approximately 23 msec. (average of 4 
contractions) after the initiation of t 
systolic discharges. The peak mechanic 
displacement occurs generally at the e 
of the systolic discharge, just before t 
recorded potential returns to the baselin 

After the peak of the contraction 
reached, relaxation takes place at a ra’ 
that soon reaches maximal value and di 
cays before reaching the presystolic lev 
In most records the relaxation proceed 
until the beginning of the following sy} 
tolic contraction. 


Action of some drugs upon 
the lymph heart 


The influence of different compoulay 
upon the lymph heart has been studied H 
several investigators; their findings, sunt 
marized by Braun-Menendez and Fogli 
(40) (see also Priestley, 1878, for refet 
ences to early work), show that this orgat 
is particularly sensitive to drugs acting of 


linergic junctions, such as_ nicotine, 
scarine, d-tubocurarine (dtC), acetyl- 
jline (ACh) and other related sub- 
mces. 

We have repeated some of those experi- 
mts and have confirmed the main re- 
js. Our observations have shown, how- 
r, that drugs are active on the lymph 
jrt at concentrations significantly lower 
In those reported in previous papers. 
f instance, dtC said to block the lymph 
rt contractions at a concentration of 
| ; w/v (see Foglia and Braun-Menendez, 
) is still active if applied locally at con- 
firations of 10°° to 10°-* w/v. ACh is 
) active at similar concentrations. This 
@repancy can probably be explained by 


discharges 


systolic 
Serated by spontaneous neural activation of the 
iph heart together with action currents elicited 
electrical stimulation of lymph-cardiac motor 


lig. 8 Records showing 


ins in the periphery. In A, an action current 
fduced by a single shock applied to the motor 
Mns (easily recognizable by the stimulus arti- 
| ) appears, by chance, at the end of a spon- 
fous systolic discharge made up by at least 
A single action current elicited 
\ electrical stimulation is seen in the same 
ep. Notice the marked difference in the 
Wolitude and time course of the two action 
yrents elicited by artificial stimulation (see 
feussion). In B, a spontaneous systolic dis- 
irge made up by at least 5 action currents 
furs just before a rather similar pattern elicited 
4 consecutive electrical stimuli. Voltage cali- 
ition in record A applies also to B. 


| 


“istinct peaks. 


= 


ELECTROPHYSIOLOGY OF LYMPH HEARTY Bi7/ 


200 msec 


Fig. 9 Simultaneous recording of the elec- 
trical activity (upper trace) and movement 
(lower trace) of the lymph heart muscle during 
spontaneous systolic contractions. Voltage cali- 
bration in A applies also to B. 


the fact that we have applied the drug 
solutions directly on lymph hearts after 
cutting open their dorsal wall. If the lymph 
heart is intact, the diffusion of the com- 
pounds into the muscle tissue is likely to 
be hindered by the very dense connective 
layers which cover its dorsal surface. This 
difference in technique might also explain 
that although atropine at concentrations 
as high as 10-* w/v had been reported to 
be inactive (Foglia and Braun-Menendez, 
°39: Hotovy, 39) we have found that a 
block of the heart contractions is produced 
by atropine sulfate at a concentration of 
10° w/v. 

While working with atropine solutions 
we have confirmed one of the observa- 
tions reported by Briicke and Umrath 
(30); namely, that a lymph heart blocked 
by ACh at a concentration of 10~* w/v 
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Fig. 10 Effect of d-tubocurarine upon the electrical activity of lymph heart muscle. 
A, normal systolic discharges used as control. After record A was taken 10 mg/kg of d-tubo- 
curarine were injected intraperitoneally in the toad. Records B, C, D, E, F and G were 
taken 10, 30, 50, 70 and 80 minutes, respectively, after the injection of the drug. The 
amplitude of the recorded action currents shows a gradual decrease until they merge into 
the base line noise. No significant changes in the patterns formed by them can be distin- 
Time and voltage calibration in A applies to all records. 


guished (see text). 


starts beating again if atropine, at the 
same concentration, is added even if the 
initial concentration of ACh is maintained 
throughout the experiment. 

The electrical activity of the lymph 
heart muscle under the influence of dtC 
and ACh was also examined. Particular 
attention was paid to the effect of d-tubo- 
curarine on the lymph heart action cur- 
rents. If the diphasic action current (fig. 
6A), that may be regarded as the basic 
pattern of electrical activity of the lymph 
heart muscle, represented a combination 
of an excitatory post-synaptic potential 
plus a superimposed action potential, one 
would expect that the block produced by 
dtC would help to distinguish between 
those two types of phenomena. These ex- 
pectations were not fulfilled. If one ex- 
amines the electrical activity of the lymph 
heart while a dtC-block is established one 
sees how the amplitude of the muscle 
action currents decreases gradually until 


they merge into the baseline noise (fig. 1¢ 
We have not been able to find either d 
continuities or marked changes in t 
shape of the recorded action currents, sui 
as those observed during curarization 
skeletal mnerve- muscle preparations 
which muscle action potentials give plas 
to end-plate potentials. 

Similar results have been observed afti 
the intraperitoneal injection of lar 
amounts of ACh (1 ml of a 2 X 107 wy 
solution). In other experiments, solutio? 
containing ACh at lower concentratio) 
(10~ w/v) have been applied directly 
the open lymph heart while its electri 
activity was being recorded. Under the 
conditions ACh caused not only a marke 
decrease in the amplitude of the actia 
currents; in some instances the polari 
of the systolic discharges was reversed. 

These results can be explained on ti 
basis of a differential action of ACh upc 
the lymph heart cells, due presumably 
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existence of diffusion barriers. The 
bre accessible synapsis will be blocked 
st. This will alter the distribution of 
urces” and “sinks” of current in the 
sue. 

)~* w/v solution of ACh did not com- 
tely block the systolic discharges of 


r 
4 
a 
| 
5 
a 


ae 
membrane associated with each systole. 
the deflection marked with an X in A and 


The trace in the upper left corner of A 
when the micropipette tip is in the extern 


after the end of record B the microele 
during a new impalement in the same site. 


This figure illustrates the potenti 
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tial changes in the cell membrane were 
obviously too weak to elicit an appreci- 
able mechanical response. 


Intracellular recording 


The lymph heart offers an unfortunate 
combination of factors that hinder the 
use of microelectrodes: small cell size, 
tough connective tissue, and extremely 


als observed during a slow impalement of a 
lymph heart muscle cell with a micropipette and also the electrical activity of the cell 
The microelectrode is shifted steadily towards the 
muscle tissue from the beginning of record A until the end of B. Both records overlap and 
B is the same one. 

shows the zero level; i.e., the potential recorded 
al solution just outside the cell membrane. The 
large downward deflections that follow (indicating a negativity of the micropipette) repre- 
sent transient records of the resting potential due to momentary penetrations 
electrode into the cytoplasm of the muscle cell. 
in the cell and the changes in membrane potential associated with each systole can be 
observed. The last deflection in record B and those shown in record C 


discharges as recorded with intracellular microelectrodes (see also figs. 
ctrode came out of the cell. Record C was obtained 


Calibrations in A apply also to B and C. 


of the micro- 
Eventually, in record B, the microtip stays 


are typical systolic 


12 and 13). Soon 
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vigorous mechanical activity. A number 
of measures and devices were tried, with 
only partial success, to counteract these 
factors. For instance, several species of 
anura and specimens of different ages 
have been employed. Proteolytic enzymes 
(trypsine and papaine) were used in some 
experiments in order to digest partially 
the connective tissue although no obvious 
difference could be observed. Our best re- 
sults were obtained by inserting the micro- 
electrodes into the inner surface of the 
heart after limiting its movements by 
means of a small glass ring (about 1 mm 
I.D.) applied with gentle pressure. In spite 
of this, we have obtained only a rather 
incomplete picture of the electrical activity 
of the lymph heart membrane. 

If the movement of the heart is not com- 
pletely restricted and the micropipette tip 
is advanced slowly towards the inner sur- 
face of the heart one can see, when con- 
tact with the tissue is first established, that 
the microelectrode tip goes briefly into 
the cells on each systole. This is shown 
by the appearance of short-lasting resting 
potentials coinciding with the heart con- 
tractions (see fig. 11A). The magnitude 
of these brief potentials goes usually up 
to 45 or 50 mv, although figures of 60 mv 
have been observed a few times. Their 
exact value depends, presumably, upon the 
extent of the cell damage produced by the 
erratic insertions. We regard, therefore, 
the largest value (about 60 mv) as a more 
faithful representative of the real poten- 
tial difference across the cell membrane 
than the average value of the smaller rest- 
ing potentials usually encountered. 

If the microelectrode tip is pushed fur- 
ther into the cell, in an attempt to achieve 
a more lasting insertion, the resting poten- 
tial falls usually to a value of between 20 
and 30 mv. It stays at this low level dur- 
ing a few systoles before disappearing 
altogether. 

More durable insertions are obtained 
when the pressure exerted by the glass 
ring is increased until the movements of 
the tissue within the ring are fully re- 
strained. Resting potentials of between 
40 and 50 mv lasting several systoles are 
often obtained and, in a few instances, 
values of above 50 mv could be held for a 
few seconds. It can be seen, in these rec- 


ords, that each lymph heart systole is 2 
companied by a burst of potential chang 
consisting of several relatively fast comp 
ponents, or “peaks,” which represent mer 

brane depolarizations, followed by a slow! 
wave of hyperpolarization (see figs. 11} 
and 12). 


200 msec 


Fig. 12 A, B and C, changes in the potentia 
across the surface membrane of lymph hean} 
muscle cells associated with systolic contractions} 
The resting potentials on which these potentiaj 
changes were superimposed measured just oved 
40 mv. The voltage calibration in record A apf 
plies also to B. Calibrations in C apply also to 


The magnitude of the systolic potentia# 
changes depends mainly upon the value of 
the resting potential on which they are 
superimposed. When this is low (20 tel 
30 mv) the amplitude of the “peaks” ig 
only 3 to 4 mv. With resting potentials 0 
40 mv they may reach up to 15 mv. Tha 
largest systolic depolarizations recorded by 
us had an amplitude of just over 30 my‘ 
on a resting potential of 53 mv. In this 
instance, single peaks of up to 20 mv in 
amplitude could be distinguished. 

In spite of the existence of the above 
relationship, no attempt has been madé 
to correlate exactly the amplitude of the 
peaks with the resting potential, as theitt 
size also depends upon other factors not 
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@l understood. Very often the amplitude 
{the peaks, rather large immediately 
yer the insertion, was seen to decay very 
bidly, well before any appreciable change 
the value of the resting potential was 
perved. In some instances, it was pos- 
le to increase the magnitude of the 
forded resting potential by pushing the 
roelectrode a little further into the tis- 
This maneuver, however, failed to 
rease the size of the systolic discharge. 
disappearance seems to be associated, 
prefore, with factors other than the es- 
blishment of a shunt around the micro- 
ctrode tip, perhaps with the damage 
ibduced to the motor nerve endings. It 
jist be emphasized, however, that neither 
p increase in resting potential when the 
of the microelectrode is pushed fur- 
er into the tissue, nor the evanescence 
the systolic potentials was the result 
an increase in the microelectrode im- 
dance and associated changes in the 
Pquency response characteristics of the 
ieording system. 
Each single component of the systolic 
bcharge, as recorded with intracellular 
bctrodes, consists of a relatively fast ris- 
» phase followed by a slower decay. The 
ne of rise to peak of these potentials 
Sries considerably, from 8 to 23 msec., 
fen within a single burst, as can be seen 
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in figure 13. We dont know the rea- 
son for those differences although they are 
probably an expression of the different 
degree of electrotonic distortion suffered 
by potentials originating at various dis- 
tances from the recording micropipette. 

Each of the fast depolarizations is fol- 
lowed by a slow decay. Occasionally, the 
interval between two consecutive fast de- 
flections is relatively long, of up to 60 or 
more msec. In these instances one can see 
how the slow repolarization of the mem- 
brane is continued smoothly by a phase 
of hyperpolarization, or increased negativ- 
ity of the cell interior (see records C and 
D of fig. 12). One is justified, therefore, 
in regarding the diphasic change in the 
membrane potential (i.e., a fast depolari- 
zation followed by a more prolonged hyper- 
polarization) as the basic component of 
the systolic discharge. 

As these components occur usually in 
rapid succession, what we see in the rec- 
ords is the result of their summation. The 
fast peaks add up one upon another creat- 
ing a wave of depolarization of variable 
amplitude and irregular and spiky con- 
tour. This wave is followed by a smooth 
and continuous wave of hyperpolarization 
in which the contributions of each single 
component cannot be distinguished. The 
behavior of the diphasic changes in mem- 


1OO msec 


Fig. 13 This figure illustrates the initial phases of 4 systolic discharges of a ee 
heart, recorded with a micropipette inserted into a muscle cell. These records were oe e 
because in this cell the initial phase of the discharges was made up of only three a ae 
components, instead of 5 to 10 as usually found. Notice the large differences ae the as 
course of individual fast waves (see text). Calibrations in record D apply a pate 3 : 
and C. The resting potential on which these potential changes were superimpose was 0 


only 35 mv. 
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brane potential seems to be _ identical, 
therefore, with that of the diphasic action 
currents recorded with external electrodes. 

An attempt was made to obtain informa- 
tion on the distribution of the amplitude of 
the systolic discharge, as recorded with 
intracellular microelectrodes, over the in- 
ner surface of the lymph heart. This 
proved to be impossible in practice. Al- 
though in some preparations sites could 
be located where potentials of relatively 
large amplitude were consistently ob- 
tained, it could not be ascertained whether 
the potentials were, in fact, larger there 
or the conditions for recording more favor- 
able. 


Relationship between the systolic 
discharges recorded with external 
electrodes and intracellular 
micropipettes 


There is a marked resemblance between 
the systolic discharges recorded with a 
single “active” external electrode placed 
upon the lymph heart and the intracellu- 
lar potentials just described. In spite of 
such an obvious similarity (compare, for 
instance, figs. 2 and 12B) one would like 


200 msec 
SRUO MAMTA TEE 


Fig. 14 
neously with a couple of extracellul 
cellular micropipette (lower trace), 


other records shows that the externally 
the first derivative of the simultaneous 


This figure shows three systolic discha 
ar platinum electrodes (upper trace) and an intra- 


(See text.) The voltage calibrati i j 
record B applies also to A and C (intracellular records ane cali atisn oe ee 


applies also to record C. A comparison of the extra and in 


recorded action currents behave approximately like 
changes in membrane potential. 


| 
to find out the exact correspondence jj 
tween the two events by recording simi 
taneously with external electrodes al 
intracellular microtips, from the same si 
of the lymph heart tissue. | 
It has been impossible so far, to obsen} 
intracellular potentials of the lymph hee} 
muscle cells while the external action cv} 
rents were recorded with the electroy 
arrangement used in figure 2. Howevi 
in a few exploratory experiments we ha 
been able to pick up intracellular pote 
tials at the same time that the action c¥ 
rents in the vicinity of the microtip wey 
recorded with a couple of thin platinu 
electrodes separated by a distance of abo 
1 mm. These electrodes were connectd 
to a differential amplifier whose outp# 
was displayed in one of the beams of tk 
CRO. The intracellular potentials we 
shown in the other beam. Figure 14 ill 
trates some of the records obtained wii 
this technique. They show that the pogo 
tive peaks of the extracellular action cul} 
rents coincide with the rising phase of tll 
fast intracellular potentials (i.e., depolan 
zations) while the external negative df 


rges of a lymph heart recorded simulta- 


y). Time calibration in record B 
tracellular deflections in this and 
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ions are simultaneous with the re- 
rization of the membrane. 

though better records are needed to 
blish accurately the correlation be- 
»n changes in membrane potential and 
pn currents, it seems from the present 
alts that the extracellular action cur- 
s behave approximately like the first 
ative of the intracellular potentials. 
s finding is consistent with the assump- 
that, in most instances, the electrical 
ity of the lymph heart recorded with 
rnal electrodes is due to current flow- 
across areas of membrane that remain 
sive during the generation of systolic 
harges. The fast positive deflections 
prved with external electrodes during 
initial phase of the systolic discharge 
ld be produced by current flowing out- 
"ds across the cell surface membrane, 
ing the rising phase of the depolariza- 
S. 

also appears that the hyperpolariza- 
of the membrane, and the subsequent 
irn of the membrane potential to the 
ial level, occur at a rate too slow to be 
fected in an external action current 
ye enough to be detected with the ex- 
‘imental arrangement used to obtain 
records of figure 14. However, a care- 
‘examination of these records shows 
t the final and slower, negative deflec- 
) that marks the end of the extracellular 
olic discharge does not end as soon as 
membrane potential reaches the di- 
olic level, but goes on slightly beyond 
t point. This short tail may be re- 
tded as a very attenuated extracellular 
mterpart of the phase of membrane 
perpolarization. 


i DISCUSSION 


he experiments described above show 
ut the systolic discharges of the lymph 
hrt are produced by the addition of a 
ber of diphasic variations of the rest- 
y potential existing across the surface 
bmbrane of the lymph-cardiac muscle 
Is. Each of these potential changes, 
ited by volleys of motor nerve impulses, 
insists of a relatively fast depolarization, 
}up to 20 mv in amplitude, followed by 
jslower phase of hyperpolarization. 

iThe first question raised by the demon- 
Aation of the diphasic lymph heart po- 
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tentials is that of their nature. In prin- 
ciple, each potential could represent a 
post-synaptic potential, an action poten- 
tial, or a combination of both. Their time 
course does not provide much information 
on this problem. Although the duration 
of each of the components of the systolic 
discharge is long compared with the ac- 
tion potentials recorded from nerve and 
skeletal muscle of Amphibia, it is short 
compared with the action potentials re- 
corded from the frog’s ventricle (up to 
0.8 sec. at 21°C, according to Woodbury 
et al., 51) or the frog’s sinus (with an 
overall duration of up to 1.6 seconds, at 
16°Ce del) Castilloxand Kaize55) a Ale ac- 
tion potential, however, represents an all- 
or-nothing event in which the potential 
difference across the excitable membrane 
reaches a fixed level. For this reason, ac- 
tion potentials cannot be added in single 
cells. The intracellular lymph heart poten- 
tials, however, add one upon another, sug- 
gesting that we are dealing with post- 
synaptic potentials rather than with 
action potentials. 

Another indication of the synaptic na- 
ture of those potentials is the effect of 
d-tubocurarine on the lymph heart action 
currents. As figure 10 shows, the estab- 
lishment of a curarine block is a gradual 
process not accompanied by noticeable 
changes in the patterns formed by the 
action currents. 

The experiments in which the influence 
of dtC, ACh and atropine were studied 
strongly suggest that the neural activation 
of the lymph heart depends upon a synap- 
tic mechanism involving the liberation of 
ACh and its combination with postsynaptic 
receptors. It is still doubtful whether an 
enzymatic ACh-inactivating mechanism 
operates in the neuromuscular junctions 
of the lymph heart. The results of experi- 
ments in which prostigmine at concentra- 
tions of 2 to 4 X 10-* w/v were applied 
to the lymph heart have so far been nega- 
tive. It is likely, however, that more re- 
fined techniques may be required to dem- 
onstrate the effects of anticholinesterasic 
agents. 

Potentials resembling the miniature 
end-plate potentials recorded at the skel- 
etal neuromuscular junctions have occa- 
sionally been observed. However, the 
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uncertainties associated with the measure- 
ment of the actual amplitude of the syn- 
aptic potentials, emphasized earlier made 
it difficult to decide whether those poten- 
tials were due to spontaneous transmitter 
liberation or to uncoordinated firing of 
single spinal motoneurones. Erratic dis- 
charges of the spinal lymph heart centers 
can be observed while asphyxia of the 
central nervous system develops. When 
this happens the activity of the lymph 
heart becomes disorganized before ceas- 
ing altogether. The vigorous systolic con- 
tractions of the heart are replaced by a 
weak “fibrilation.” Intracellular recording 
shows then the occurrence of single di- 
phasic potentials not grouped into systolic 
discharges. 

In experiments such as the one illus- 
trated in figure 8A, it can be observed 
that the time course of single action cur- 
rents elicited during the phase of hyper- 
polarization following a previous current 
is different from those elicited in a resting 
membrane. Experiments are in progress 
to determine whether this difference is the 
consequence of a mechanical artifact or 
due to a change in the properties of the 
membrane of the lymph-cardiac muscle 
cells during the hyperpolarization. 

As no action potentials have been ob- 
served, it appears that the activation of 
the contractile machinery of the lymph- 
cardiac cells is elicited directly by synaptic 
activity. 

Two different aspects should be con- 
sidered separately when summarizing the 
above results. In the first place, some of 
the functional properties of the lymph 
heart depend upon the patterns of dis- 
charge of the spinal centers that supply 
motor innervation to this organ. Our re- 
sults in this regard have confirmed earlier 
work. The records obtained from bundles 
of fibers of the XI spinal nerve have 
shown that each lymph heart systole is 
elicited by a train of motor impulses made 
up by several (5 to 10) separate volleys. 
It is likely that each motor axon may con- 
tribute one or more impulses to each vol- 
ley, although the number of action poten- 
tials and the duration of each volley, as 
well as the sequence of fiber discharge, 
are highly irregular and seem to vary at 
random from systole to systole. 


In the second place, we should ¢ 
sider the intrinsical properties of — 
lymph heart muscle cells. These are chi 
acterized, from an_ electrophysiologiti 
viewpoint, by (a) a resting potential wh i 
amounts roughly to %4 of that of skelex 
muscle fibers, (i.e. about 60 mv, insi 
negative), (b) the absence of action 
tentials, and (3) the occurrence of 
phasic synaptic potentials, in which 
depolarization of the cell membrane 
up to 20 mv) elicited by a choliner; 
mechanism is followed by a longer pha 
of membrane hyperpolarization. The 
three properties, together with a diff 
and relatively uniform distribution 
nerve endings, are the distinctive featur 
of the slow muscle system of the Amphik 


(53; see also Kuffler, 53). 
more work is needed to reach a defi 
conclusion we may tentatively regard t! 
lymph heart as an organ made of “slo 
muscle fibers. We have already mention 
the difficulties encountered when trying | 
study with electrical methods the pattery 
of distribution of motor nerve termin 
in the lymph heart. It is likely that inf 
mation on this problem could be obtaind 
more easily from histological studies. 

The systolic discharges recorded frof 
the spontaneously beating lymph heart ai 
the result of the summation of a numb 
of diphasic synaptic potentials, each eli 
ited by a separate volley of nerve impulse¥ 
Due to the great variability of those vel 
leys with regard to the numbers of im 
pulses, overall duration and sequence ( 
firing of spinal motoneurones the shapd 
duration and distribution of the systoll 
action currents are highly changeabh 
affairs. 


) 


} 

SUMMARY 
1. The electrical activity of the posti 
rior lymph hearts of the toad has been iti 
vestigated using both external electrodd 
and intracellular micropipettes. 
2. In agreement with previous worl 
bursts of muscle action currents (systolil} 
discharges) were found to be associates 
with each lymph heart systole. Mechanicg 
activity starts about 20-25 msec. aft 
the beginning of each burst, reaching | 
maximum at the end of it. 


| 
| 
| 
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. If one external electrode is in con- 
with the dorsal wall of the lymph 
t and the other is placed upon the 
ounding connective tissue, the first 
of the systolic discharge appears as 
rge serrated deflection made of the 
of several (5 to 10) relatively fast 
tive waves. This is followed by a 
oth and uninterrupted negative deflec- 


. If the lymph cardiac motor axons are 
ulated with a single electric pulse, a 
asic action current is recorded from 
muscle tissue. Repetitive stimulation 
s that the systolic discharge described 
3) is the sum of a number of these 
asic currents. 

. The electrical activity of lymph car- 
motor axons has been recorded simul- 
ously with the systolic discharges. 
h muscle action current is seen to be 
eded by a volley of motor impulses. 
. The impalement of lymph heart mus- 
cells with an intracellular micropipette 
als the existence of a resting potential 
p to 60 mv in amplitude (cell interior 
ative ). 

systolic discharges recorded 
an intracellular microelectrode begin 
a number of relatively fast deflections 
form a spiky wave of depolarization 
p to 30 mv in amplitude. This phase 
ollowed by a wave of membrane hyper- 
rization of smooth and continuous 
tour. 

. The intracellular systolic discharge, 
same as its extracellular counterpart, 
he result of the addition of a number 
iphasic deflections, i.e., fast depolari- 
ions followed by more prolonged hyper- 
arizations. These potential changes may 
egarded as postsynaptic potentials pro- 
ed by a cholinergic mechanism. No 
ion potentials have been recorded from 
lymph heart. 

. The electrical activity of the lymph 
rt has been recorded simultaneously 
h an intracellular pipette and a couple 
extracellular electrodes placed in the 
inity of the microtip. The external ac- 
currents recorded with this electrode 
angement behave approximately as the 
t derivative of the changes in mem- 
ne potentials. 
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10. It appears from the above results 
that the electrical activity of the lymph 
heart muscle resembles very closely that 
of the slow muscle system of the Am- 
phibia. 
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t is a well-established fact that native 
stranded DNA which has been isolated 
calf thymus cannot itself act as a 
er” unless it has been denatured (usu- 
by heat) (Bollum, ’59), in the syn- 
sis in vitro of DNA from the 4 deoxyri- 
ucleoside triphosphates using the poly- 
izing enzyme from thymus tissue. This 
-strand DNA does function as a primer 
ever in Kornberg’s system using an 
yme prepared from E. coli (Lehman et 
58). In the latter case a slight degra- 
ion of the DNA with DNA-ase increases 
rate of reaction two or three-fold (Leh- 
n, 59). 

en using an enzyme obtained from 
rphase liver cells, it has been found 
t unheated DNA does not act as a 

er (Mantsavinos and Canellakis, 
a), but when the enzyme is obtained 
m regenerating liver, two-strand DNA 
act as a primer. In the latter case the 
ition of DNA-ase I decreases the 
ount of synthesis at all concentrations 


concentration of DNA-ase I enhances 
net synthesis 5-fold (Mantsavinos and 
nellakis, 59b). It is thus obvious that 
rate of synthesis of DNA from the 
xyribonucleotide triphosphates can be 
uenced either positively or negatively 
DNaA-ase action. 

Consideration of the results just out- 
ed leads to the suggestion that native 
o-stranded DNA might need to be con- 
éd to single strand material prior to 
This idea is compatible 


age by Sinsheimer (59) can act as a 
imer for the polymerizing enzyme from 
us*(Bollum, 59) or from E. coli (Leh- 
n et al., 58). The idea is also compati- 
with recent work of Zamenhof (59) 
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indicating an instability of one of the 
strands of the two-strand DNA of E. coli. 
However, the question as to whether com- 
plete separation of the two strands (“de- 
stranding”) is necessary for primer action 
has not yet been settled. 

It appears somewhat difficult to imagine 
a process that could produce material in 
vivo similar to the heated DNA. The idea 
of completely unwinding the two strands 
of a double helix prior to DNA synthesis 
under physiological conditions would seem 
to present rather formidable difficulties 
(Delbruck and Stent, *57), although such 
unwinding or “destranding” may well occur 
on heating DNA. Hence it seems worth- 
while to consider the possibility that single- 
stranded DNA might be produced as the 
result of a specific destruction of one 
strand of the two-stranded helix. It should 
be noted that either strand of a two- 
stranded Watson-Crick helix carries all the 
information needed for the synthesis of 
more two-stranded DNA. 

If destruction of one strand of a DNA 
double helix were to precede DNA syn- 
thesis, the first step in the synthetic process 
would presumably have to be the exact 
duplication of this single strand material. 
Then the single strands could conceivably 
bind the complementary bases to them- 
selves according to the A-T, G-C rule, and 
finally after polymerization of the newly 
bound bases, two double strands of DNA 
would have been formed for each double 
strand originally present. This second step 
in the synthesis could terminate the proc- 
ess according to the suggestion of Bollum 
(759), if some way could be found to block 
further conversion of double to single 
strand material. A mechanism of this sort 
might or might not be compatible with the 


1 We gratefully acknowledge the support of the 
National Cancer Institute, U. S. Public Health 
Service grant C-994(C10). 
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results of Meselson et al. (’57) on isotope 
distribution in DNA after replication. 

Since DNA-ase I is capable of enhancing 
the primer activity of two-strand DNA in 
certain cases, as stated above, it seemed 
logical to determine whether DNA-ase I 
action on the nucleoprotein complex of cell 
nuclei might lead to the production of 
single-strand DNA. The reasoning behind 
this proposition is that one of the fibers of 
the two-stranded DNA in the nucleoprotein 
might be sterically hindered by protein, 
especially by histone, and thus be inacces- 
sible to DNA-ase action. 

It was considered of interest to investi- 
gate this possibility by studying the action 
of DNA-ase on cell nuclei isolated at pH 
6.0 using very dilute citric acid as a me- 
dium. In this case DNA-ase I is liberated 
from cytoplasmic granules and enters the 
nuclei during the homogenization and 
afterwards, causing degradation of the 
DNA (Dounce et al., 57). We have found 
that a mild but definite degradation of the 
DNA occurs if the pH is kept between 5.8 
and 6.0, whereas a more extensive degrada- 
tion takes place if the pH is allowed to rise 
to 6.1 or 6.15. Above pH 6.2 the nuclei are 
disintegrated. The two types of DNA in 
question will subsequently be referred to 
as slightly degraded DNA and considerably 
degraded DNA, respectively. The viscosity 
of the slightly degraded DNA has already 
been reported (Dounce et al., 57), while 
that of the considerably degraded DNA was 
about 1/5th that of calf thymus DNA in 
0.01 M NaCl solution. 

The immediate object of our investiga- 
tion was to isolate DNA from the already 
isolated liver cell nuclei and then deter- 
mine whether the degradation was entirely 
the result of simple depolymerization (i.e., 
transection of double helices) or whether 
a tendency towards production of single 
stranded material might be noted. We 
have elected to use the action of DNA-ase 
I in the homogenate on the whole nuclei 
rather than to study the action of crystal- 
lized DNA-ase I on isolated nucleohistone 
in order to keep conditions as close to phys- 
iological as possible. Isolated DNA nucleo- 
histone may represent a more or less dis- 
rupted structure, the study of which might 
in this case be more apt to lead to errone- 
ous conclusions than the use of the more 
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| 
complicated system involving the whi 
nuclei where the DNA-ase action on j 
DNA takes place as it were in situ. | 
know that histones remain in the pH 
nuclei (Monty and Dounce, ’57) and 
know that the chief enzyme degrading 
DNA is DNA-ase I (Dounce et al., 57; ¢ 
also their references). , 
In order to test for the production 
single strand material, the formaldehy 
reaction of Fraenkel-Conrat (’54) was e# 
ployed, using spectral shift as a meast 
of the reaction. In addition, studies of ba 
ratios of the isolated DNA were made 
the method of Wyatt (55). 
Studies of base ratios of course will m 
show whether there has been separation 
the two strands of the DNA double heli] 
provided that both strands remain in th 
sample. If, however, there has been parti 
destruction and loss of one of the ty 
strands, analysis for base ratios would 
expected to show some variance from | 


A-T, G-C rule. 

For purposes of comparison, some si 
ies were also made of calf thymus DN. 
DNA isolated from whole rat liver, ar 
DNA prepared from rat liver cell nucp 
previously isolated at pH 4.0 (where 
DNA is not subject to enzymatic degradi 
tion). In addition studies were made | 
calf thymus DNA that had been degrade 
by means of the Waring blendor. In | 
cases where the formaldehyde reaction wa 
used, the effect of heat in enhancing t 
reaction was studied. Since dissolving j 
distilled water below pH 7.0 tends to di 
rupt the DNA double helix, resulting in tl 
development of a considerable reactia| 
with formaldehyde, the DNA was generalll 
dissolved in 0.01 M NaCl prior to testing 
The effect of distilled water at pH 7.0 
thereabouts was also studied in some case¥ 
as well as the effect of distilled water at 4 
pH of about 8.5. In the latter case th 
double helix may be even more stable tha 
it is in 0.01 M NaCl. 


1 


EXPERIMENTAL DETAILS 


Cell nuclei were isolated from rat live 
at pH 5.8 to 6.0 by the method describe# 
ee oun 55). These nuclei containet 
what we have termed slightly degrade¥ 
DNA. The degradation results from t 
action of cytoplasmic DNA-ase which i 


ased from cytoplasmic particles during 
homogenization. The method also was 
ified by holding the pH between 6.0 
6.15 with the purpose of obtaining 
t we have termed degraded DNA. In 
case the method for isolating the nu- 
is more difficult to carry out and the 
d is low, owing to the disruption of 
e of the nuclei than occurs when the 
is held between 5.8 and 6.0. DNA was 
ated from the above two types of nuclei 
he method of Kay et al. (752). 
NA was also isolated from calf thymus 
he same method (Kay et al., 52), and 
ples of this material were subjected to 
adation by the action of a Waring 
dor. In these experiments 100 mg of 
DNA was dissolved in 200 ml of 0.01 
aCl and then was allowed to remain 
three minutes in a Waring blendor run- 
g at full speed. After this the DNA was 


The reprecipitated material 
washed twice with 75% ethanol, twice 
95% ethanol, and finally was dried 
ethyl ether. 

INA-ase I-degraded DNA was obtained 
eating a 100 mg sample of calf thymus 
A dissolved in 100 ml of 0.01 N NaCl 
ition with 2.5 mg crystalline DNA-ase 
orthington) for 5 minutes in the pres- 
e of 0.002 M Mg-acetate. The degraded 
A was isolated from the solution by add- 
an equal volume of 95% alcohol in the 
sence of 1 M NaCl. The precipitated 
A was washed twice with 75% alcohol, 
twice with 95% alcohol, and finally 
dried with ether. 

he formaldehyde reaction was carried 
according to the directions of Fraenkel- 
rat (54). 


RESULTS AND DISCUSSION 


e have found that the only DNA sam- 
showing any evidence of the presence 
ingle strand material before heating, as 
ged by the formaldehyde reaction, were 

degraded DNA samples and the calf 
mus DNA degraded by means of the 

ing blendor. This finding correlates 
h the primer activities of the samples, 
ich were measured by Dr. F. J. Bollum,’ 
ce only the degraded liver DNA (de- 
ded by DNA-ase in situ) and the Waring 
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Fig. 1 Priming activities of various types of 
DNA described in text, before and after heating. 
©, @, Degraded DNA (from rat liver nuclei) after 
treatment with 6 M urea. 0, @, Waring blendor- 
degraded DNA. A, A, Degraded DNA (from rat 
liver nuclei). (), @, Partially degraded DNA (from 
rat liver nuclei). V, W. DNA extracted from rat 
liver nuclei isolated at pH 4.0. %, 4, Calf thymus 
DNA. Solid line with open symbols indicates 
priming activity before heating and dotted line 
with solid symbols refer to values obtained after 
heating. All heated samples were heated at 100°C 
for 10 minutes. Data for all curves obtained from 
equal aliquots of the same DNA solution. (This 
is also true for all subsequent figures. ) 


blendor-degraded calf thymus DNA showed 
appreciable primer activity before heating 
(see fig. 1). 

We have subjected all DNA samples to 
analysis of base ratios according to the 
method of Wyatt (55), as well as to the 
formaldehyde reaction before and after 
heating. The results of analyses for base 
ratios are shown in table 1. The base ratios 
of the enzyme-degraded samples (slightly 
degraded and degraded) are not normal 
for intact DNA, and this taken by itself 
indicates a certain tendency towards single 
strand formation. However it was neces- 
sary to treat the DNA samples with 0.3 
N KOH at 37°C for 18 hours before carry- 
ing out determinations of base ratios, since 
all DNA samples isolated from pH 4 liver 
cell nuclei were contaminated with RNA to 


2 We are greatly indebted to Dr. F. J. Bollum of 
the Oak Ridge National Laboratories for carrying 
out a number of tests of DNA samples for primer 
activity in his system for DNA synthesis using 
thymus enzyme (Bollum, ’59). 
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TABLE 1 


DNA sample1 A al G 


Calf thymus 
Whole rat liver 


pH 6.0 nuclei, 
partly degraded 


4, pH6.0 nuclei 
degraded 


5. pH6.0 nuclei 
partly degraded, 


urea-treated 0.71 


0.95 
6. pH6.0 nuclei, 
degraded, 


urea-treated 0.76 


1.00 0.93 

7. pH 4.0 rat liver 
nuclei, DNA 
isolated at 
pH 6.0 soluble 
RNA first re- 
moved by ex- 
traction with 
0.9% NaCl 1.00 1.04 0.73 

8. Rat liver nuclei 
isolated at pH 
4.0, DNA isolated 
from them at 
pH 6.0. Soluble 
RNA not re- 
moved first 1.00 


0.79 0.56 


9. Rat liver nuclei 
isolated at pH 
4.0, DNA iso- 
lated from them 
at pH 7.0 sol- 
uble RNA not 
removed first 1.00 


0.76 0.42 


1 All samples treated with 0.3 N KOH at 37°C for 18 hours before analysis—DNA recovered ] 
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Cc A/T 


0.95 
0.96 


0.74 


0.79 


21 


1.05 1.20 


0.60 1.25 1.32 31 


0.65 0.96 1.02 1.46 31 


0.61 1.25 1.51 


| 
| 
| 
| 
| 


0.61 1.29 0.74 1.06 1.76 45 


precipitation with perchloric acid. Each figure in the table represents the average of duplicai 


analyses. 


the extent of 30 to 40% (see table 1), and 
even the calf thymus DNA contained 3 to 
4% of RNA. As the slightly degraded 
DNA did not show a reaction with formal- 
dehyde and hence did not exist to an ap- 
preciable extent in the form of single 
strand material, it is likely that any single 
strand formation indicated by analysis of 
base ratios was brought about by the action 
of the alkali in dissolving away degraded 
single strand fragments from more intact 
complementary chains. 

The extent of reaction of the degraded 
DNA samples with formaldehyde before 
and after adding urea is shown in figures 


; 
| 


2, 3, and 4. Control experiments with ut 
degraded calf thymus DNA are illustrated 
in figure 5. A tendency towards the fod 
mation of single strands is indicated fd 
the degraded DNA by the results of thi 


| 


’’‘We now know that this difficulty could hav 
been largely avoided by precipitating the DNA j 
all cases with 12 volume of ethanol instead 4 
with one volume from the saline detergent sol! 
tion. However RNA does not have primer actic 
in Bollum’s system and moreover treatment wi 
alkali is a standard method to remove RNA bi 
fore doing analysis for base ratios on DNA, so thé 
as far as we can see the presence of RNA in t 
DNA samples does not affect our Coase 
any important manner. 
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ig. 2 U.V. spectrum of degraded DNA ex- 
ted from rat liver nuclei isolated at pH 6.0— 
, dissolved in 0.01 M NaCl. ©, Degraded 
A, no formaldehyde, no heating. A, Degraded 
A after reaction with formaldehyde, no heat- 
. ©, Degraded DNA, after heating at 100°C for 
minutes, formaldehyde added after cooling so- 
on. All samples dissolved in 0.01 M NaCl. 
ting carried out for 10 minutes at 100°C. Con- 
tration of formaldehyde where used approx. 
%. (Increase in formaldehyde concentration at 
trolled pH does not cause further change in 
ctrum. ) 


220 


00 


maldehyde reaction, primer activity, and 
analysis of base ratios. 
his urea-treated, degraded DNA is of 
siderable interest. It was originally 
d that urea treatment would cause the 
oval of small oligonucleotide single 
ins from their more intact complemen- 
neighbor strands, as suggested above 
explain the action of alkali on the de- 
ded and slightly degraded samples. 
wever the table of analysis of base ratios 
ble 1) shows that this probably is not 
case, and we believe from the results 
the following experiments that the main 
ion of the urea was to facilitate the re- 


51 


moval of contaminating RNA from the de- 
graded DNA sample. 

RNA isolated from yeast by Kirby’s (’56) 
method was separated into two fractions by 
dissolving in 1 M NaCl and chilling to zero 
for several hours. A part of the material 
precipitated (the “less soluble fraction”) 
and this was centrifuged off, leaving a 
supernatant solution from which a “solu- 
ble” RNA fraction was isolated by precipi- 
tations with two volumes of ethanol at 
0.3°C. 

Both the “less-soluble” and “soluble” 
yeast RNA fractions just described could 
be largely precipitated from 1 M NaCl 
solution at a concentration of 1 mg of RNA 
per ml if one volume of ethanol was added, 
but in the presence of 6 M urea the “solu- 
ble” fraction would not thus precipitate. 
Six molar urea did not however prevent the 
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Fig. 3 U.V. spectrum of urea-treated degraded 
DNA extracted from rat liver nuclei isolated at 
pH 6.0-6.15. O, Urea-treated degraded DNA. A, 
Urea-treated degraded DNA after reaction with 
formaldehyde, no heating. @, Urea-treated de- 
graded DNA after heating, formaldehyde added 
after cooling. All samples dissolved in 0.01 M 
NaCl. Heating carried out for 10 minutes at 
100°C. Concentration of formaldehyde where 
used approx. 1.3%. 
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Fig. 4 U.V. spectrum of urea-treated degraded 
DNA extracted from rat liver nuclei isolated at 
pH 6.0-6.15. O, Urea-treated, degraded DNA. A, 
Urea-treated degraded DNA after reaction with 
formaldehyde, no heating. @, Urea-treated de- 
graded DNA after heating, formaldehyde added 
after cooling. All samples dissolved in distilled 
water at pH 8.5; heated sample held at 100°C for 
10 minutes. Concentration of formaldehyde where 
used approx. 1.3%. 


precipitation of the “less-soluble’ RNA 
fraction by one volume of alcohol under 
the same conditions used for the “soluble” 
fraction. It is thus clear that if much or 
most of the nuclear RNA is similar to the 
“soluble” fraction of yeast RNA isolated by 
Kirby's method, 6 M urea would be ex- 
pected to aid in its removal from the DNA 
during the reisolation procedure. That this 
is actually the case was confirmed from the 
results of analysis for ratios of uracil to 
thymine which indicated that less RNA 
was present in the degraded urea-treated 
samples than in the degraded samples that 
had not been treated with urea. 

It will be noted from table 1 that the re- 
sults of analysis for base ratios of the de- 
graded, urea-treated DNA show that after 
the urea treatment, the base ratios tend to 
approach the values for undergraded DNA, 


although they still are not normal. W 
attribute this finding to the removal by tht 
treatment with urea of the most degrade 
fragments of the DNA, leaving less df 
graded DNA which is more nearly norm 
in base ratios. 

It should be noted that urea does né 
produce any effect on the slightly degrada 
DNA except to shift the base ratios somf 
what towards those for undegraded DNA 
nor does it have any effect at all, as far 
is known, on intact calf thymus DNA. 
may be that in the case of the less-degradey 
DNA, the contaminating RNA co-precipy 
tates more extensively with the DNA in thi 
presence of 6 M urea, because the DNA 
still somewhat fibrous. 

In regard to the action of DNA-ase I of 
purified calf thymus DNA in the presemiy 
of 0.002 M MgAc:, it was found that onl 
about 20% as much enzyme was requires 
to produce a given amount of degradatioz 
as is required to degrade DNA-nucleoprc 
tein in situ (Dounce et al., 57). Howeve 
studies of the calf thymus DNA degrades 
by crystallized DNA-ase showed result 
that were practically indistinguishab b 


from the results of studies of the degrad 4 
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Fig.5 U.V. spectrum of calf thymus DNA di 
solved in 0.01 M NaCl under various condition: 
O, Calf thymus DNA. A, Calf thymus DNA afte 
reaction with formaldehyde, no heating. Vv, Cah 
thymus DNA in 0.01 M NaCl, pH adjusted to 5: 
after reaction with formaldehyde, no heating 
Samples dissolved in 0.01 M NaCl in all case# 
Concentration of formaldehyde where  usex 
approx. 1.3%. 


from pH 6 liver cell nuclei, the only 
rence being that the formaldehyde 
tion was slightly greater in the case of 
graded DNA isolated from the nuclei. 
se experiments show that DNA-ase I 
a certain tendency to attack each 
d of the DNA double helix to a differ- 
extent, even when purified DNA in- 
d of nucleoprotein is used as substrate, 
ing to the production of a certain 
unt of single strand material after 
tment with alkali; but the presence of 
me and residual protein seems to exert 
a non-specific hindrance to DNA-ase 
m rather than a specific effect on one 
d only of the double helix. 
e Waring blendor-treated material 
is of considerable interest. This has 
ently been converted in part to a de- 
red product in which there has been 
eciable hydrogen bond rupture; but 
ddition scission of the double helix to 
shorter segments also must have oc- 
ed. This is indicated by the fact that 
H 8.5, the Waring blendor-degraded 
ples do not show a reaction with for- 
ehyde, indicating a reversal of the 
turation process, but in spite of this 
original fibrous nature of the material 
ot restored when the DNA is precipi- 
at pH 8.5 by one volume of alcohol in 
resence of 1.0 M NaCl. 
e effect of formaldehyde on the War- 
lendor-degraded DNA is shown in fig- 
6. The results clearly indicate a mix- 
of double-strand and single-strand 
rial. 
is of interest that heat treatment has 
apparent effect on the Waring blendor- 
aded calf thymus DNA, than on native 
. We interpret this to indicate that the 
denaturation, which certainly must 
r, is more reversible in the cases of 
e degraded samples, at least as judged 
he formaldehyde reaction, than is the 
denaturation of native DNA. 
né other point that requires comment 
e difference in behavior towards heat 
e degraded DNA (degraded by DNA- 
in situ) and the Waring blendor de- 
ed-DNA (see figs. 2 and 6). It is pos- 
that the increase in primer activity 
.1) and in reactivity towards formalde- 
e of the degraded DNA may be caused 
he presence of RNA in the latter which 
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Fig. 6 U.V. spectrum of Waring blendor-de- 
graded DNA in 0.01 M NaCl, after reaction with 
formaldehyde under various conditions. ©, War- 
ing blendor-degraded DNA. A, Waring blendor- 
degraded DNA after reaction with formaldehyde, 
no heating. @, Waring blendor-degraded DNA 
after heating for 10 minutes at 100°C, formalde- 
hyde added after cooling. A, Waring blendor- 
degraded DNA after heating, formaldehyde added 
before cooling solution. Heat-treated sample held 
at 100°C for 10 minutes. All samples dissolved 
in 0.01 M NaCl. Concentration of formaldehyde 
where used approx. 1.3%. 
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prevents reversal of the heat denaturation 
on cooling. 


GENERAL DISCUSSION 


It appears that the action of DNA-ase I 
on DNA does have a certain tendency to 
produce more cleavage in one of the two 
strands of the DNA double helix than in 
the other. However little difference was 
noted between the action of the DNA-ase 
on purified calf thymus DNA and on DNA- 
nucleoprotein of rat liver in situ, and hence 
the hypothesis that histone might sterically 
hinder the action of DNA-ase I on one of 
the two strands of the double helix, does 
not seem to be valid. Moreover we have not 
been able to show that single strand cleav- 
age from DNA-ase I action occurs without 
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concomitant double strand scission. Hence 
the hypothesis that single strand formation 
might be brought about by DNA-ase I ac- 
tion prior to DNA replication is not favored 
by our results. It is true that we have not 
been able to work under completely phys- 
iological conditions but deviations from the 
latter would not seem to invalidate these 
conclusions, as far as we can see at the 
present time. 

At least one other enzyme that might 
conceivably cause single strand formation 
from double strand DNA is phosphodies- 
terase, which is an exo-enzyme. However 
Bollum found no DNA synthesis in his 
system using thymus enzyme in the pres- 
ence of phosphodiesterase with double 
strand DNA (Bollum, ’60), although the 
addition of DNA-ase I to the same system 
in place of the phosphodiesterase did per- 
mit DNA synthesis to occur. 

We believe that the reason for the latter 
observation is explained by the work re- 
ported in this paper. Our results would 
seem to indicate that the DNA synthesis 
which occurs in vitro after action of DNA- 
ase on the primer DNA probably does not 
represent a process that takes place under 
physiological conditions in vivo. 


SUMMARY 


1. The action of DNA-ase I on the nu- 
cleoprotein complex of the cell nucleus was 
investigated by allowing DNA-ase I of rat 
liver, liberated from cytoplasmic particles 
during homogenization of the liver, to act 
on cell nuclei present in the homogenate. 
A degraded and a partially degraded DNA 
was isolated from nuclei which had been 
isolated from the homogenates at pH 6.0 
to 6.15 and from 5.8 to 6.0 respectively in 
the presence of very dilute citric acid. 

2. The degraded DNA showed some ac- 
tivity in Bollum’s system for DNA syn- 
thesis by thymus enzyme, and also showed 
some reactivity with formaldehyde without 
being heated, and on analysis showed ab- 
normal base ratios. These results indicate 
a tendency toward single strand produc- 
tion, although concomitant double strand 
scission also occurs. The same was true for 
DNA degraded by action of a Waring 
blendor. 

3. Purified calf thymus DNA treated 
with crystallized DNA-ase I behaved simi- 


larly to the degraded DNA isolated fr 
the rat liver nuclei. Hence it can be ck 
cluded that the action of DNA-ase on D}) 
in situ during isolation of the nuclei is} 
affected qualitatively in an important vy 
by the presence of protein in the nuc 
(histone or residual protein ). 

Quantitatively, the reaction appears¢ 
be considerably slower in the presences 
these proteins. ) 

4. Treatment of the degraded DNA fr 
the nuclei with 6 M urea did not appea 
increase the amount of single-strand ma 
rial present but probably facilitates the 
moval of contaminating RNA. 

5. It is concluded from the results gi 
above that formation of single-strand DI 
by an attack of DNA-ase I on one of t 
two strands of double helix DNA prior? 
DNA replication in vivo probably does 
occur. 
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e small ostracod crustacean, Cypri- 
a, produces a brilliantly luminescent 
retion wherein light emission accom- 
ies the aerobic oxidation of a substrate, 
iferin, catalyzed by an enzyme, lucifer- 
Crystallization of the luciferin, ex- 
cted from whole, dried organisms, was 
eved in 1957 by Shimomura, Goto and 
ata, partly with the aid of purification 
cedures developed by Harvey and his 
ociates through many years of research 
this system, (cf. Harvey, 52; Tsuji, 
ase and Harvey, 55). 

new approach in the efforts to isolate 
re luciferin, involving the use of living 
her than dried organisms, was inde- 
ndently undertaken in 1957 by Johnson 
d Sie, with the cooperation of Haneda, 
katsuki, Sugiyama and Masuda in Shi- 
da. This approach was based on the 
mise that the luminescent secretion 
tained from living organisms by elec- 
cal stimulation or other means should 
relatively free of many diffusible sub- 
ces contained in whole organisms, es- 
cially after degradation reactions that 
doubt occur during the process of slow 
ying, usually accomplished by exposure 
the sun. With living organisms, paper 
romatograms of the luminescent secre- 
n, drawn into methyl alcohol in a suc- 
n flask immediately after stimulation, 
ded to justify the original premise, but 
rious circumstances made it difficult to 
tain an amount of secretion sufficient 
r the purposes in view. On the other 
nd, extracts of initially living, whole 
-ganisms appeared to offer certain ad- 
ntages over those of dried, whole organ- 
ms, e.g., in having a smaller number 
impurities and a larger content of luci- 
rin. 


ystalline Luciferin from Live Cypridina’’ 
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The present report is based on the fur- 
ther pursuit of this approach, which has 
led to a considerably simplified procedure 
for the isolation of luciferin and to its 
crystallization in appreciable quantities 
for the first time from summer organisms, 
whose luciferin has been found to be less 
in amount and more difficult to purify 
than that of organisms collected during 
the colder seasons of the year. 


EXPERIMENTAL METHODS 
AND RESULTS 


Warm methanol extracts 


Anderson (’35) noted that, although the 
solubility of luciferin in different solvents 
varied widely with biochemical treatment 
of the material (starting with dried organ- 
isms), the active substance was spectac- 
ularly soluble in methanol under all con- 
ditions. A number of methanol extracts 
were prepared in 1957 at Shimoda, by 
plunging the living organisms into a large 
volume of methanol in a suction flask at 
room temperature, evacuating the air, 
shaking vigorously, sometimes in a warm 
water bath, then filtering through paper 
in a Buchner. The filtrate was always rich 
in yellow or greenish yellow substances, 
and highly fluorescent with a somewhat 
similar color in ultraviolet. Repeated ex- 
traction increased the yield of such sub- 
stances, indicative of luciferin, and highly 


1 This study has been aided in part by Contract 
Nonr-1353(00) between the Office of Naval Re- 
search and Princeton University, by grants NSF- 
G-4578 and NSF-G-4266, by the Eugene Higgins 
Fund allocated to Princeton University and by 
the Japanese Commission for UNESCO. Publica- 
tion in whole or in part by or for any purpose of 
the United States Government is permitted. 

2 Contribution number 121 from the Shimoda 


Marine Biological Station. 
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active in light emission with luciferase. 
These filtrates were subjected to various 
treatments before ultimately drying and 
sealing in vacuo for further fractionation 
in the Princeton laboratories. The light- 
emitting potency of the residues was found 
to vary with the previous treatment and 
with unknown factors, when tested later 
by means of a photomultiplier-light inte- 
grating apparatus. The best preparations 
had a potency of some 50,000 L.U. (“Light 
Units,” arbitrarily defined units of total 
light emitted with luciferase) per milli- 
gram, whereas the ground powder of 
whole, dried organisms was often not more 
than 50 L.U./mg and did not exceed 300 
L.U./mg in the most active of such mate- 
rial available. 

The most nearly pure luciferin obtained 
from these preparations was by the fol- 
lowing procedure. A net weight of 193 gm 
of living organisms was added to 600 ml 
methanol, the air evacuated, and the flask 
heated in a water bath at 65°C for one 
hour. The solution was cooled, filtered, 
and the methanol distilled off in vacuo, 
leaving about 70 ml of aqueous solution 
which was then extracted with benzene 
in a separatory funnel containing an argon 
atmosphere to retard the decomposition of 
the very oxygen-labile luciferin. The red- 
dish benzene fraction, containing reddish 
solids at the interphase, exhibited a strong 
light-emitting activity with luciferase, but 
the yellowish aqueous fraction had much 
stronger activity. The latter was extracted 
with butanol, removing most of the luci- 
ferin, and the solvent was removed by 
vacuum distillation in a water bath at 80 
to 90°C. The residue was taken up in 
methanol, transferred to an ampoule, the 
methanol then removed in vacuo, and the 
ampoule sealed. 

Several weeks later the dry residue was 
found to have a light-emitting potency of 
25,000 L.U./mg. It was then extracted 
with benzene in a Soxhlet, followed by 
dissolving in a small volume of Tsuji’s 
ethanol-ethyl acetate-water solvent (Tsuji, 
05) and placing on a cellulose column 
that had been deaerated by hydrogen puri- 
fied over hot platinized asbestos. The col- 
umn was developed in a hydrogen atmos- 
phere by Tsujis solvent that had been 
deaerated with hydrogen. Although 5 


bands were visibly evident on an esseq) 
tially similar column of material frot c 
dried organisms, after purification by pay 
longed extraction with benzene and ethe 
followed by two cycles of a modified Ad 
derson’s (736) benzoylation proceduy | 
(Shimomura et al., 57) only 3 bands wes 

evident in the present instance. The 

were, (1) an orange colored, non-fluores 
cent band at the front, followed by a ye 
low, yellow fluorescent (in ultraviolet 
band, and finally a colorless, blue fluores 
cent band. As expected from previou} 
observations (Tsuji, Chase and an 


55; Shimomura et al., 57), luminescena 
\ 
i 


activity was associated with the yello 
yellow fluorescent band, of which 4 sepa 
rate fractions, Fl1-F4, were collected 2 
dried in vacuo. The third fraction from 
the front, F3, was richest in luciferin wit 
a luminescence potency of 300,000 L.U. 
mg; portions of this fraction were use¥ 
for spectroscopic studies and for ascendin 
paper chromatography. The quantity a 
material available seemed too small t 
justify an attempt at crystallization. 


changes on 


Absorption spectrum, and | 
standing 


The absorption spectrum of fraction F3i 
just after dissolving in methanol is illuss 
trated in figure 1, curve A. It is very si 
ilar to that of the methanolic solution on 
crystalline luciferin reported by Shimod 
mura et al., (’57, fig. 2, p. 930), differing 
only in having a shoulder rather than dis# 
tinct maximum at 315 mu, (a difference 
possibly due to a difference in pH; cff 
discussion of fig. 3), and in having about 
a 50% larger ratio between optical dent 
sity at 270 and the O.D. at 435 muy, ie.| 
a ratio of approximately 3:1 instead o 
2:1, indicative of some impurities that 
absorb in the ultraviolet. 

The changes in absorption on standings 
aerobically at room temperature (fig. 1) 
curves B and C) are also similar to those 
of crystalized luciferin referred to above; 
and the isosbestic point at 390 mu shows: 
that no intermediary product accumulates.; 
The changes in optical density of the 43 
mu maximum from the initial value, after 
two days, and after 8 days, closely parallel 
the changes in luminescence potency. 


: 


1.0 
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s, the ratio of O.D.’s at these three 
cessive times is 0.320:0.245:0.099, or 
:0.78:0.31, while the ratio of lumi- 
cence potency at the corresponding 
es was 300,000:234,000:45,000, or 
:0.78:0.15. These data leave little 
bt that the absorption maximum at 
mu is characteristic of the substance, 
, luciferin, that is active in light emis- 
with luciferase. 

uantitative determinations of the total 
t potency of solutions of crystalline 
iferin obtained in the present study 
e yielded values of 3.7 to 4.6 million 
. per. mg, varying with the luciferase 
paration employed. Taking 4X 10° 
./mg as a mean value, the 300,000 
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Fig. 1 Changes in the absorption spectrum of luciferin fraction F3, in a concentration 
of 0.108 mg/ml methanol, at room temperature in the presence of air, as described in the 
text. Curve A, just after dissolving; curve B, after two days; curve C, after 8 days. 


L.U./mg in fraction F3 would indicate 
the presence of 7.5% luciferin, or 0.0081 
mg/cm® in the specimen involved. The 
initial optical density of 0.32 at 435 mu 
would indicate 0.0171 mg/cm’, but when 
85% of the activity has disappeared on 
standing, the O.D. remains 0.1, whereas 
the decomposition products of pure luci- 
ferin have practically no absorption at this 
wave length. Assuming that impurities 
absorbing at 435 mu have an O.D. of 0.085, 
the amount of luciferin represented by the 
absorption at this point would be 0.0125 
mg/cm’, or 11.5% luciferin in the speci- 
men. Considering the various sources of 
error, these estimates of 7.5% luciferin, 
on the basis of light emitting potency, and 
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11.5% luciferin, on the basis of O.D. at 
435 mu, are in reasonably good agreement. 
Thus it should be possible to estimate with 
some assurance the actual quantity of 
pure luciferin in different lots of raw 
material through determinations of the 
number of light units emitted per mg, 
when tested with luciferase under appro- 
priate conditions. 


Paper chromatography 


The results of ascending chromatog- 
raphy on Whatman paper no. 1 varied 
with the developing solvent, very likely 
due in part to the circumstance that facili- 
ties for complete anaerobiosis, essential 
for preventing oxidative decomposition of 
luciferin, were not available for the papers 
at that time, so developing was carried 
out at 2°C overnight. With Tsuji’s solvent, 
a trace of orange-fluorescent substance at 
the front and a trace of blue fluorescent 
substance behind the broad, yellow col- 
ored, yellow fluorescent, active band was 
observed. With butanol two active bands, 
evidently corresponding to the alpha and 
beta luciferin of Mason and Davis (’52), 
were found at the origin and at an inter- 
mediate point from the front respectively; 
the latter band exhibited a blue fluores- 
cence in UV, and though quite active in 
light emission with luciferase, was not in 
sufficient amount to exhibit color by ordi- 
nary light. With acetone most of the color, 
fluorescence and activity remained at the 
origin, but a trace of yellow color, yellow- 
ish fluorescence and luminescence activity 
with luciferase accurred at the front. 

Chromatographic evidence for the ex- 
istence of more than one species of luci- 
ferin molecules active in light emission 
with luciferase, such as the results of 
Mason and Davis (’52) and the results 
described above, is not fully convincing. 
Such evidence can be reasonably inter- 
preted in terms of the influence of impur- 
ities, on the chromatographic behavior of 
one kind of luciferin. In unpublished ex- 
periments by Shimomura and associates, 
anaerobic paper chromatography of crys- 
tallized luciferin from dried organisms has 
revealed only a single yellow colored, yel- 
low fluorescent, active band with Tsuji’s 
solvent, and attempts to separate two dis- 
tinctly different, pure luciferins by using 
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other solvents or combinations of solve 

have been unsuccessful. Moreover, 
results of the present study indicate ti 
the crystalline luciferin previously 
tained from dried organisms is the Say 
as that obtained more directly from fres3 

collected organisms, quickly frozen by 
ice and extracted at quite low tempeé 
tures, as described in the following pa 
graphs. 


2 
0 


Cold methanol extracts 


Experiments with extracts from Shi 
oda revealed that luciferin remained | 
solution in methanol at temperatures 
low —20°C, whereas considerable amou2 
of colorless impurities came out and cow 
be removed by refrigerated centrifugatie 
In more recent experiments, live Cyprida 
collected at Tateyama were placed eitk 
in methyl alcohol pre-cooled to aba 
—50°C in a polyethylene bottle, or we 
put into a thin polyethylene bag and t 
into a thermos jar containing dry ice. 
latter method proved more convenient, a: 
qualitative observations indicated that 
organisms could be kept at the temperatu 
of dry ice virtually indefinitely witha 
perceptible loss of luminescence acti 
when thawed. By completing the initz 
extraction of luciferin without allowit 
the temperature ever to rise above —20° 
the extracts in effect were prepared frog 
live organisms, and contained mini 
amounts of fat and other impurities. 

The yield of luciferin was augmente 
by several repeated extractions with t 
or three volumes of methanol per volu 
of organisms at —20 to —30°C in a vas 
uum flask with the air exhausted ar 
with vigorous shaking. The cold solutic 
was removed by rapid filtration throug 
paper in a Buchner, with suction. A goa 
yield could be obtained with a mud 
smaller volume of cold methanol by hi 
mogenizing the organisms in a blendor a 
filtering the brei with the aid of hyflosupe? 
cel and washing with cold methanol. BE 
this method it was more difficult to maim 
tain the temperature below —20°C unt 
filtration had been completed, and dry ic 
usually had to be added to the brei. 

The initial fractionation was thus ac 
complished by the differential solubility c 
luciferin in methanol at low temperatures 


He filtrate was always bright yellow in 
jor, with strong yellow or greenish-yel- 
W fluorescence in U.V. It was acidified 
ij adding concentrated HCl to make the 
lution about 0.1 N acid, in order to con- 
fet the luciferin to a more stable state, 
jd the methyl alcohol removed by vac- 
jm distillation in a water bath at about 
°C, with a dry ice-acetone trap in the 
uum line, and a capillary stem sup- 
ed with pure H, at reduced pressure, in 
ie flask to prevent bumping. The residual 
fiueous solution was extracted several 
mes with benzene, whether or not colored 
fbstances went into the benzene. In 
‘me instances, reddish material contain- 
active luciferin remained at the inter- 
: Large, orange colored crystals of 
jpt fully pure luciferin were obtained from 
Mitanol solutions of such material by 
leans of the usual further procedure de- 
in ibed below. 
| Most of the luciferin in the acid, aque- 
Ms solution could be partitioned into bu- 
{nol in a separatory funnel with an argon 
mosphere. Saturated NaHCO; solution 
ls added to neutralize the acid in the 
fhtanol layer, and the water layer was 
carded. The butanol layer was concen- 
Hated to a small volume by vacuum dis- 
iilation, and placed on a column of Brock- 
yan’s standarized alumina in an atmos- 
fnere of hydrogen. The column assembly 
{ diagrammed in figure 2. 
On washing with butanol, the column 
fsually showed three bands, in addition 
some brownish, amorphous material, 
ssibly denatured protein and inorganic 
ts, which remained on top: (1) a 
owly moving, yellow colored, yellow flu- 
escent substance identified with active 
ciferin, (2) a pink to red material, in- 
tive with luciferase moving more slowly 
han luciferin, and (3) a colorless, blue 
orescent material which stayed on the 
blumn. Mixtures of butanol and meth- 
ol, in proportions of 4:1 to 2: 1 by vol- 
e, were used to elute the luciferin when 
4 moved too slowly in butanol alone. 
The eluate was dried by vacuum distil- 
Ation in a water bath at 50 to 70°C, leav- 
hg a yellowish film, sometimes with small 
ounts of white material. The film dis- 
plved readily in a few tenths of one ml 
£ cold methanol. To the solution in a 15 
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Fig. 2 Diagram of the apparatus used for 
anaerobic chromatography of luciferin on alu- 
mina. The column length was adjusted, from 
about 4 to 12 cm, in accordance with the esti- 
mated quantity of luciferin in the specimen 
involved. The whole assembly was evacuated 
and filled with hydrogen three successive times 
before introducing the specimen. The fraction 
outlet could be rotated into position over any 
one of three receiving flasks without exposing 
the eluate to oxygen. 


ml centrifuge tube, three to 5 drops of 
distilled water were added, and a few 
small drops of 12 N HCl. In some in- 
stances, crystallization began almost at 
once. As a rule the centrifuge tube was 
placed in a vacuum desiccator over POs, 
with a beaker of KOH pellets on the por- 
celain support, the air was exhausted to 
12 cm Hg, followed by filling with pure 
hydrogen and exhausting to this pressure 
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three times, and the desiccator placed in 
a refrigerator overnight. The crystals were 
then filtered off on a small sintered glass 
filter and dried in a vacuum desiccator. 
Figure 3 illustrates the absorption spec- 
trum of the product, obtained in this man- 
ner, in comparison to that which was first 
reported (Shimomura et al., 57). The 
slight differences in the two curves are 
very likely due to slight differences in pH 
to which the absorption spectrum is par- 
ticularly sensitive (Shimomura, ’60). 

By the above procedure, crystalline lu- 
ciferin could be obtained in one day from 
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Fig. 3 Absorption spectrum of a methanol 
luciferin 0.032 mg/cm, from dried Cypridina 
rani ae original data) and (B, solid circles) of 
rom cold methanol extracts of deep frozen initially live Cypridi i i 
F ypridina, as described 
Data for curve A were taken with a Beckman DU spectrophotometer, prea Fe “10°C. 
Data for curve B were taken on a Hitachi recording spectrophotometer, temperature 29°C 


ic solution of (A, open circles) crystalline 


about 0.5 kg wet weight of organisms 

had been kept in dry ice. Purity and « 
of crystallization were favored by sy 
in carrying out the procedure. The 
however, was favored by starting wit 
larger amount of raw material, and & 
wet weight, proved to be about opti 


though more than one day was required! 
purification. The partially purified 1 
ferin, after partitioning into butanol, cc 
be kept satisfactorily, for several day) 
necessary, in a small flask in a the 
jar with dry ice. 


(Shimomura, Goto and Hirata, °57, plotted 
crystalline luciferin, 0.041 mg/ cm’, obtained 


CRYSTALLINE LUCIFERIN 


The yield at best amounted to about. 
mg crystalline luciferin from 2 kg wet 
hight of frozen organisms. Assuming a 
}% to 80% yield, the living organisms 
buld contain an average of 0.0025 to 
Be luciferin by weight. Since water 
stitutes about 75% of the wet weight, 
e actual yield would correspond to 80 mg 
r kg of dried organisms, provided no 
ss occurred during drying. The best 
lbld, however, from organisms collected 
cold seasons and dried, has been about 
f mg/kg dry weight, and heretofore it 
lis been extremely difficult to obtain ap- 
eciable quantities of crystalline luciferin 
bm summer Cypridina. It is reasonable 
conclude that the luciferin content of 
e, cold season organisms is at least an 
Her of magnitude higher than that of 
mmer organisms. If so, the cold meth- 
liol procedure should yield at best 400 mg 
li crystalline luciferin per kg wet weight 
ij winter organisms. Again assuming a 
to 80% yield, the cold season, living 
banisms would contain between 500 and 
5 mg/kg, or between 0.050 and 0.0625% 
eiferin by weight. These figures are one 
two orders of magnitude lower than 
e value of 1% to 10% used by Harvey 
»3) in estimating that the minimum 
ount of luciferin needed for the pro- 
liction of visible light in reacting with 
iferase was one part of luciferin in 
bm 4 to 40 billion parts of water; an 
imate of one part of luciferin in from 
to 10% parts of water appears to be 
pre nearly correct. 
iThe light-emitting potency of the first 
ystalline luciferin (Shimomura et al., 
7) was estimated as being almost 40,000 
ines that of the starting material. Under 
orable conditions of assay, pure luci- 
would be expected to have a constant 
tency, whereas the actual content in the 
arting material is subject to wide varia- 
ns, as discussed above. The increase in 
tency on purification, therefore, might 
expected to range from perhaps 5,000 
100,000 times depending on the activity 
the starting material. Moreover, since 
le “potency” is subject to variation with 
e efficiency of light production, in both 
de and fully purified systems, through 
e influence of numerous factors, such as 
, temperature, specific ions, etc., as dis- 
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cussed in detail elsewhere (Johnson, Ey- 
ring and Polissar, 54), the above range 
under appropriate conditions might well 
be even greater. 


SUMMARY 


A simplified method is described for 
purification of the substrate, luciferin, in 
the luminescent enzyme, luciferase, sys- 
tem of Cypridina by extraction of initially 
living, whole organisms with methanol. 

Extraction in vacuo with hot (65°C) 
methanol yielded a product containing 
about 10% luciferin, by distilling off the 
methanol in vacuo, de-fatting the aqueous 
residue with benzene, partitioning into 
butanol, and chromatographing on a cellu- 
lose column with Tsuji’s alcohol-acetate- 
water solvent. 

Quantitative data revealed that the de- 
crease in light-emitting potency of the pro- 
duct, on standing aerobically in methan- 
olic solution two days at room tempera- 
ture, was the same as the decrease in op- 
tical density at 435 mu, viz., 22%. After 
8 days, luminescence potency had de- 
creased by 85%, with a 69% decrease in 
O.D. at this wavelength. 

Extraction with cold (—~20°C) methanol, 
using summer organisms kept at dry ice 
temperature since shortly after collecting, 
yielded crystalline luciferin in an amount 
of approximately 20 mg/kg wet weight, by 
the same purification procedure except 
that the chromatography was on a column 
of alumina with butanol as the solvent. 
The absorption spectrum of the product 
was essentially identical with that of the 
luciferin first crystallized from dried or- 
ganisms. 

The luciferin content of living Cypridina 
collected in summer is estimated as av- 
eraging 0.0025 to 0.004% by weight, and 
perhaps more than 10 times this amount 
in organisms collected in cold seasons. 
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